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his document provides a review of the
recent discussions of the Gamma-Ray

Astronomy Program Working Group

(GRAPWG). The GRAPWG is an ad-hoc committee

formed by NASA to provide recommendations

about the future of gamma-ray astrophysics. More
information on the GRAPWG can be found at

http://universe.gsfc.nasa.gov/grapwg.html.

This publication updates the original GRAPWG

report published in 1997. Based on that input and

others, NASA created a Strategic Plan in 1998.

In it were two missions of particular interest to

high-energy astrophysics and gamma-ray astronomy:

The Gamma Ray Large Area Space Telescope

(GLAST) and a Hard X-ray Telescope (HXT) on

Constellation-X. The charge for the current meet-

ings of the GRAPWG was to look at gamma-ray

science opportunities beyond those two major

missions and an assumed gamma-ray burst

Explorer.
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T he time is ripe for new initiatives and mis-
sions in gamma-ray astronomy. The results

from the current missions, CGRO, RXTE and

BeppoSAX, have stimulated tremendous interest in

the field and have demonstrated the importance of

hard X-ray and gamma-ray observations to our

understanding of the universe. Looking ahead to

the next decade, further discoveries are expected

from these missions and from ESA's INTEGRAL mis-

sion (launch in 2001). However, there are currently

no future approved missions beyond INTEGRAL to
advance the field. With this in mind the GRAPWG

made recommendations in 1997 (GRAPWG Report;

April 1997) for instruments to fly in the 2000 to

2010 time frame. We are delighted that some of

the recommended missions are now part of NASA's

Office of Space Science strategic plan. With NASA

in the process of updating that plan, we have

reassessed and expanded on our recommendations

and present this update.

1997 GRAPWG MISSIONS

In the previous GRAPWG report, the top-priority

was given to the GLAST high energy gamma-ray
mission to follow on the discoveries of the EGRET

instrument on CGRO. Other high priority missions

were a focusing hard X-ray telescope and a next-

generation nuclear line and MeV continuum mis-

sion. For Explorer-class missions the top scientific

opportunities were found to be for gamma-ray

burst observations and hard X-ray surveys. Some of

these missions have now been started by NASA:

GLAST is in the OSS strategic plan for new start in

2002; the Swift gamma-ray burst MIDEX has been

selected for Phase A study with final selection of

two missions to fly out of five studies to be made in

September 1999. Also, the OSS strategic plan

contains the top mission of the X-ray community,

Constellation X, which has a focusing hard X-ray

telescope (HXT) onboard that achieves some of the

objectives identified by the GRAPWG for a focusing

hard X-ray mission.

The GRAPWG finds that the scientific case for

GLAST, Constellation-X HXT and Swift has grown

since 1997. The GRAPWG continues to give its

STRONGEST ENDORSEMENT to these mission,

which are the backbone of NASA's future program

in hard X-ray and gamma-ray astronomy.

1999 SCIENCE PRIORITIES

The GRAPWG identifies the following PRIORI-

TIZED list to be the most compelling science topics

that future hard X-ray and gamma-ray missions

can address beyond those covered by GLAST,
Constellation-X HXT and Swift. These are areas in

which hard X-ray and gamma-ray astronomy offers

unique capabilities for advancing our understand-

ing of the universe. Each science topic is followed

by a list of areas in which key contributions are

expected.

The HIGHEST PRIORITY science topic is:

1) NUCLEAR ASTROPHYSICS AND

SITES OF GAMMA RAY LINE EMISSION

Gamma-ray astronomy holds the promise of rev-

olutionizing studies of nucleosynthesis in our galaxy

and beyond. Through the detection of nuclear lines,

sites of nucleosynthesis can be studied and elemen-

tal abundances can be measured. In addition, the

configuration and dynamics of the emitting gas can

be determined. Topics for future missions include:
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• Abundance yields of explosive nucleosynthesis

• Mass cut between SN ejecta and core

• Supernova and nova explosion physics and

dynamics

• Sites of nucleosynthesis in the Galaxy and universe

• Cosmic nucleosynthesis rate from redshifted
SN la lines

• Supernova rate in the Galaxy

• Better understanding of SN la cosmological
distance scale calibration

• Cosmic ray interactions with interstellar gas

• Positron diagnostics of compact objects

Other high priority topics are:

2) GAMMA RAY BURSTS

Appropriate to their nature, gamma-ray burst

studies continue to change quickly and dramati-

cally. The increasing number of counterparts at

lower energies when coupled with the impressive

BATSE database are leading to a new era in GRB

studies. Aside from the intrinsic astrophysics of

GRB's, bursts will become an important probe of

the early universe. Topics for future missions
include:

• Links to star formation

• Evolution and populations of massive stars

• Possible sites of black hole formation

• New GRB populations and mechanisms

• Probes of dusty matter in distant galaxies

• Probes of the intergalactic medium out to high
redshift

3) HARD X-RAY EMISSION FROM ACCRETING BLACK

HOLES AND NEUTRON STARS

Hard X-ray and gamma-ray studies of accreting

sources are becoming increasingly critical for full

understanding of these objects. Detections of

galactic and extragalactic black hole systems at

high energies provide a laboratory for studying

black holes across a wide range of masses. Topics
for future missions include:

• First population study of absorbed Seyfert 2's

• Constraints on blazar spectra and diffuse IR back-

ground

• Non-thermal components in galactic transients

vi

• Jets associated with galactic BH's and AGN

• Black hole parameters (spin, mass)

• Accretion physics

4) MEDIUM ENERGY (500 KEV--30 MEV) EMISSIONS

Distinct from nuclear lines, the continuum emis-

sion in the medium energy range has been shown

to be important for understanding nonthermal

emission from objects such as pulsars and AGN and

sites of cosmic ray interaction with gas. This rela-

tively unexplored band ties together studies at MeV

and GeV energies. Topics for future missions
include:

• Search for MeV blazars and spectral studies to
understand emission

• Pulsar physics through broad-band spectral
studies

• Components of diffuse galactic emission

• Extragalactic diffuse emission in poorly measured
MeV band

• Nonthermal components from accretion-driven
sources

• Cosmic ray interactions with the ISM

1999 MISSION RECOMMENDATIONS

Figure 1 shows the mission roadmap that the

GRAPWG has developed for hard X-ray and

gamma-ray astronomy. In addition to the three

missions mentioned above, the GRAPWG finds

three near-term missions and two long-term con-

cepts to be the most exciting for addressing our

top-priority science topics. These are as follows.

ADVANCED COMPTON TELESCOPE (ACT)

The HIGHEST PRIORITY major mission recom-

mended by the GRAPWG is ACT, a high-technology

MeV line and continuum Compton telescope mis-

sion operating in the 500 keV to 30 MeV range.

With a factor of 30 improvement in sensitivity com-

pared to CGRO and INTEGRAL, it promises detailed

studies of sites of nucleosynthesis in the universe

and a deep survey of continuum sources. The

optimum configuration of large imaging detector

arrays based on either semiconductor or high densi-

ty rare gases is being studied to enable a mission in

this challenging energy band. The mission addresses

science areas (1), (2) and (4) in the above list.



Two other high-priority missions are of particular

interest in the coming decade for accomplishing

our science goals.

HIGH-RESOLUTION SPECTROSCOPIC IMAGER (HSI)

A high priority intermediate or enhanced MIDEX

class mission recommended by the GRAPWG is HSI,

a focusing optics telescope operating in the I0 to

170 keY range. With a factor of I00 improvement

in sensitivity compared to RXTE, this mission will

answer key questions on the nature of accretion

onto neutron stars and black holes and will allow

detailed studies of sites of nucleosynthesis in the

universe. New multilayer mirror technology will

enable the upper energy bound of the mirrors to

be as high as 200 keV. The mission addresses sci-

ence areas (I) and (3).

ENERGETIC X-RAY IMAGING SURVEY TELESCOPE (EXIST)

A high priority intermediate or enhanced MIDEX

class mission recommended by the GRAPWG is

EXIST. Factor 100-I 000 improvement in sensitivity

compared to the only previous all-sky hard X-ray

survey (HEAO-I) will allow discovery of the pre-

dicted, but so-far unobserved, class of absorbed

Seyfert 2's that are thought to make up at least half

of the total inventory of AGN's. A large area array

of new-technology solid state detectors, used in

conjunction with a wide field-of-view coded aper-

ture, will cover the 5-600 keY region and address

science areas (2) and (3) as well as significant por-

tions of (I). The International Space Station is a

possible platform for such an instrument.

Complementing these missions will be projects

which will extend and improve upon those already

in the strategic plan.

NEXT GENERATION GAMMA-RAY BURST MISSION

(NGGRB)

The GRAPWG believes that gamma-ray bursts

will continue to be one of the most important and

fascinating areas of astronomical research for tens

of years to come. A mission will be needed in the

post HETE-II and Swift era to further this field.

Emphasis in that time frame may involve obser-

vations of nonelectromagnetic radiation such as

gravitational waves and neutrinos and will certainly

involve multiwavelength electromagnetic instru-

mentation. To correlate these data with known

properties of bursts and to monitor the sky for

infrequent special events, it will be essential to have

a continuous gamma-ray burst monitor in space.

The GRAPWG recommends that such a mission,

NGGRB, be identified in NASA's program.

NEXT GENERATION HIGH-ENERGY GAMMA-RAY MISSION

(NGHEG)

The discoveries of GLAST will produce strong

interest in the astronomical community in high

energy gamma-ray phenomena and will undoubt-

edly raise new fundamental questions. The band

width of the high energy range is huge, from 30

MeV to 300 GeV, and overlaps with the growing

number of very high energy (TeV and PeV) ground-
based observatories. The GRAPWG recommends

that a mission called NGHEG be identified in

NASA's program to follow on GLAST.

GAMMA-RAY BURSTS

The GRAPWG is particularly intrigued by the

gamma-ray burst problem and the promise that

bursts offer for fundamental studies in astrophysics.

There are multifaceted implications that bursts have

on many future missions. Below are listed some

topics and recommendations on gamma-ray burst

astronomy. The GRAPWG recommends that:

• HETE-II should be flown on schedule.

• The Swift GRB MIDEX mission, now in Phase A,

should have high priority for flight.

• Support should continue for the Interplanetary

Network as an effective means for deriving

arcminute GRB locations.

• Support should continue for BATSE and the

Gamma-ray burst Coordinate Network (GCN).

• The GRB monitor currently planned for GLAST

will greatly enhance its GRB capabilities.

• Synergism between space-borne GeV GRB obser-

vations and ground-base TeV observations should

be recognized and exploited.

• A global network of small, dedicated GRB robotic

telescopes should be developed.

• It is highly desirable to establish a network of

coordinated 1-3m telescopes to monitor light-

curves and (for the brightest events) spectra

over the first few days.
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• Time on major ground- and space-based obser-

vatories should continue to be provided for GRB

follow-up observations.

OTHER RECOMMENDATIONS

Gamma-ray astrophysics is a broad enterprise

covering many efforts. The GRAPWG recommends

that the following items receive special

consideration:

• Technology Development: Many exciting new

technologies are arising in gamma-ray astronomy,

including multilayer mirrors, Laue lenses (Bragg

concentrators), complex coded masks, solid-state

pixel and strip detectors, rare gas and liquid

detectors, and VLSI electronics. These form the

backbone and future of our field. The GRAPWG

strongly recommends a vigorous program of

technology development for hard X-ray and

gamma-ray astronomy.

• TeV Astronomy: Aside from their independent

successes, ground-based observatories will pro-

vide an important complement to future high

energy gamma-ray missions such as GLAST. The

GRAPWG endorses the continued development of

TeV telescopes with low energy thresholds.

• Balloon Program: The ultra-long duration balloon

(ULDB) program offers great potential for both

instrument development and significant science

in gamma-ray astronomy. The GRAPWG recom-

mends strong NASA support for LDB's and ULDB's.

• International Space Station: The GRAPWG

views the ISS as an opportunity for hard X-ray

and gamma-ray research. It is particularly well

suited for wide-field instruments and long-term

monitors.

• Optical Telescope Support: Many areas of

gamma-ray astronomy research, particularly

gamma-ray bursts and AGN studies, benefit from

a multiwavelength approach. In particular, optical

telescopes can provide important monitoring

capabilities which are difficult to achieve at other

wavelengths. The development of a network of

optical telescopes capable of near-continuous

observation of gamma-ray transients is supported

by the GRAPWG.

• Data Analysis and Theory: Making the most of

the rich databases expected from future missions

is an important concern of the GRAPWG.

Adequate support for data analysis and theory is

a cost effective way of maximizing the return

from current and future experiments.
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CH. PTER

tip

The Role of Gamma-Ray Astrophysics

he place of gamma-ray measurements in
astrophysics underwent a fundamental

change in the Compton Gamma-Ray

Observatory (CGRO) era. In the field's infancy,

attention focused on the penetrating power of

cosmic gamma rays and their production in

familiar processes, especially radionuclide decay.

Experimental techniques in the PI-class missions of

the 70's and 80's drew heavily from high-energy

physics programs of the previous decades. A prin-

cipal goal was a "discovery" level opening of the

MeV-GeV electromagnetic spectrum, adopting

established high-energy techniques. Missions

focused on identifying the source of the diffuse

background emission, separating point sources and

localizing transients. These missions led to a census

of astrophysical sites where nonthermal gamma-ray

processes occur. CGRO and its predecessors have

been very successful in pro-

viding this overview of the

high-energy sky. Many of

the anticipated high-energy

processes have been con-

firmed and gamma-ray

emission has proved a

robust signature of the most

violently active sources in

the universe. Moreover, the

CGRO era has moved

gamma-ray astronomy to a
central role in mainstream

astrophysics. Several of the

most puzzling phenomena

of modern astrophysics fig-

ure prominently in the

gamma-ray band. The

strong guest investigator

program of CGRO and the wide participation in

follow-on programs at other wavelengths underlines

the impact of gamma-ray studies on a range of

astrophysical problems. We can best illustrate this

impact by summarizing a few key problems brought

to light by CGRO observations and a few new

scientific directions inspired by such results. More

complete descriptions can be found in chapter 2.

GAMMA-RAYBURSTS

Before 1991, descriptions of the gamma-ray

burst problem acknowledged the wide range of

feasible models, but focused with increasing confi-

dence on models producing bursts from a nearby

population of galactic neutron stars. In a dramatic

development, the presentation of the initial BATSE

spatial and flux distributions at the 1StCompton

Symposium abruptly overturned established think-

Figure 1.1. This BeppoSax observation of GRB 970228 detected the first ever fading X-ray source in a

GRB error box.
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ing and gave strong support to the idea that bursts

represent titanic energy releases at cosmological

distances. This paradigm was confirmed with the

detection of X-ray, optical and radio counterparts

in 1997/1998 and the measurement of several

cosmological redshifts (see Table 2.1). One should

remember, though, that these results only intensify

the burst puzzle from a physicist's perspective --

how is a supernova's worth of energy released in a

highly relativistic form and how does this process

give rise to the great variety of gamma-ray burst

time structures and spectral shapes? As described in

the body of this report, progress on the problem

will require a significant improvement in burst sen-

sitivity, particularly at high energies, and careful
coordination with other wavebands. Several mis-

sions in the post-GRO era present exciting opportu-

nities for advancing our understanding of these

enigmatic events.
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Figure 1.2. Gamma-ray observations such as those shown here

for MRK 501 have become an integral part of multiwavelength

monitoring of AGN.
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ACCRETING BLACK HOLES

Another important result of the CGRO mission

has been the observation of strong, non-thermal

emission associated with jet sources. A spectacular

example is the detection of nearly 100 "blazars" by

the EGRET experiment, often with rapid flux varia-

tions and hard photon spectra extending above a

GeV. Several of these AGNs have been detected by

ground-based telescopes with energies up to 5

TeV and doubling time variability as short as 15

minutes. These AGN are objects of intense study

at lower energies; in particular, many GeV blazars

exhibit "superluminal" motions at VLBI scales

underscoring the important connections of ground-

based studies with gamma-ray observations.
Related discoveries have resulted from BATSE moni-

toring of X-ray outbursts along the galactic plane.

Several sources show hard spectral tails extending

to roughly an MeV. Some sources showing strong

outburst activity, such as GRS 1915+105 and GRO

J1655-40, were recently discovered to show evi-

dence of relativistic jet outflows in the radio band.

These observations suggest that non-thermal emis-

sion, starting in the hard X-ray/soft gamma-ray and

extending to TeV energies, is closely connected

with the formation of relativistic jets. Study of the

high energy emissions, especially in correlation

with multiwavelength variability, promise to pro-

vide important new insights into the physics of the

'central engines', the accreting black holes believed
to be the core of AGN and these transient Galactic

X-ray sources. Hard X-ray observations have now

shown the excess of obscured AGN and may pro-

vide the most direct way to inventory the stellar

black hole content (in X-ray transients) in

the Galaxy.

UNIDENTIFIED SOURCES

When a new wavelength range is opened, it

is most exciting when a class of sources not

prominent at other energies dominates the sky.

At MeV-GeV energies, SAS-2 and COS-B showed

that there is a population of Galactic sources not

identified with previously known objects. CGRO,

with improved sensitivity, energy resolution and

background modeling has surveyed this popula-

tion. Of the 169 objects detected, 79 are located

within 10 degrees of the galactic plane. Since

Geminga, the brightest of these sources, is now

identified as a radio-quiet pulsar, it seems likely that

many others will be spin-powered pulsars. This

provides an important new window on the neutron

star population in our galaxy. Equally exciting is the

possibility that other classes of gamma-ray stars will

be discovered; the detective work of identifying

the galactic plane population will be a theme in
follow-on work to CGRO.
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Third EGRET Catalog
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Figure1.3. Sourcesfrom the 3rd EGRETcatalog. Oneof the most obviousfeaturescontinuesto be
the large number (169) of unidentifiedsources.

NUCtEOSrNrHEsls

In the technically challenging nuclear line

regime, CGRO has uncovered only the tip of the

expected MeV line emission science at sensitivities

of a few times 10 5 photons cm -2 s-1, but already

some surprising results have appeared. For

example, distribution of radioactive 26A1 mapped

by COMPTEL (see Figure 2.2) argues for production

dominated by massive star death, although surpris-

ing excesses in the Vela region are unexplained.

Also, the strong COMPTEL detection of 44Ti from

Vela (Figure 2.1) implies substantial synthesis of

56Ni. This makes the low luminosity of this Type II

supernova event a mystery. While the INTEGRAL

will provide a significant improvement in sensitivity,

efforts to develop new technology in this area will

be needed for the field to reach its full potential.

NEw DIRECtiONS

We should also note some new research direc-

tions in gamma-ray astronomy spurred by CGRO

observations. The impact on such problems pro-

vides a good measure of the power of future mis-
sions. One new area is the association of nonther-

mal spectra with black hole accretion. In addition

to the GeV emission and rapid variability of the

blazars, the suprathermal hard X-ray/soft gamma

tails in some sources are important diagnostics for

disk accretion and processes

at the disk inner edge.

GRANAT, BATSE, and OSSE

measurements above 30 keV

show such spectral compo-

nents in Seyfert AGNs.

Intriguingly, when similar

features appear in galactic

X-ray binaries, dynamical
studies have shown the

sources to be excellent can-

didates for black hole accre-

tors. Coupled with this,
recent work on accretion

disk solutions (e.g., advec-

tion dominated disks) sug-

gest that disk inner edge

conditions are crucial in pro-

ducing the optically thin

regions that generate such

non-thermal spectra. Thus,

we can hypothesize that the

perfectly absorbing boundary of an accreting black

hole is central to the formation of an optically thin

electron population responsible for the hard X-ray

mission and possibly to the acceleration of relativis-

tic jets. Thus the gamma-ray regime provides a

unique window on this problem. A second arena

where gamma rays draw our attention to the most

exotic sources lies in the mult-GeV emission of

gamma-ray bursts. CGRO sensitivity limited detec-

tion of this emission to a handful of the brightest

bursts, but it may be a common feature of the

burst process. Conditions required for the produc-

tion of this multi-GeV flux, which in some cases

may dominate the total burst energy, are extreme.

We may learn more about burst physics from these

radiations than from the more chaotic low-energy

emission. This theme of the highest energy provid-

ing the sharpest diagnostics is echoed in the study

of spin-powered pulsars. While intensively studied

in the radio through X-ray bands for over 25 years,

the physics of the pulsar magnetosphere is still

poorly understood. CGRO has taught us that the

familiar radio pulsar emission is a small fraction of

the bolometric photon luminosity: the power spec-

trum of their photon emission peaks in the GeV

range for many young pulsars. A final example

illustrates the ability of new gamma-ray data to

address fundamental problems in mainstream
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astrophysics.Thedetectionof severalnearbyAGNs
byground-basedairCerenkovtelescopeswith
~300GeVthresholdsshowsthatblazaremission
canextendwellbeyondthepresentsensitivitylimit
of spacemissions.Sincethisgamma-rayflux is
attenuatedbytheambientcosmicphotonfields,
measurementsof absorptionof theGeV-TeVspec-
trummaybeusedto fix thesoftIR-opticalradia-
tionfieldathighredshift.Thisnewcosmological
tool helpsto constraingalaxyformationandenvi-
ronmentsin theearlyuniverse.

Figure 1.4. The number of known gamma-ray point sources
(detected at energies above 50 keV) during the 30-year history
of gamma-ray astronomy through early 1999.

While there are great opportunities for future

gamma-ray discoveries, the prospects in many

other areas of astrophysics are strong as well. It is

therefore important to highlight the unique poten-

tial of gamma-ray observations. Above all, gamma-

ray astronomy zeros in on some of the most exotic,

violent, and fascinating sources: black holes, neu-

tron stars, and explosive sources of nucleosynthesis

and particle acceleration. Also, the field is relatively

new. With CGRO, gamma-ray measurements

have just reached the sensitivity that attract wide

theoretical attention and correlative investigations.

The rapid development spurred by this synergy

should be encouraged over the next decades.

Finally, it is a field where new detector develop-

ment and adoption of technologies used for related

terrestrial applications offer the opportunity for

dramatic gains. With directed resources for future

development and rapid promotion of new tech-

nologies to space payloads, certain areas of

gamma-ray astrophysics can expect great leaps in

sensitivity. These opportunities will be described in

the following sections. Thus, with novel technology

greatly advancing our observational capabilites,

gamma-ray astronomy will continue to provide

new physics insight by probing the most exotic

objects in the universe. The opportunities for this
field over the next decade and a half are

particularly exciting.
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helegacyof thepastandcurrentgenera-tionof gamma-raymissionsisadiverseand
compellingpictureof thehigh-energyuni-

verse.FromSolarphysicsto theendpointsof stellar
evolution,fromthediffuseglowof theMilkyWay
to theextragalacticdiffuseemission,gamma-ray
observationscontinueto makefundamentalcontri-
butions.Thischapterdescribesthestatusanddirection
of gamma-rayresearchforallof thesetopics.

2.1 THE ORIGIN OF THE ELEMENTS

2.1.1 PROMPTEMISSIONFROM SUPERNOVAE_ NOVAE

ecause the sites of explosive nucleosyn-thesis -- novae and supernovae -- are opti-

cally thick to gamma rays, only the delayed

gamma-ray line emission from the decay of synthe-

sized radionuclei can be observed. Furthermore,

this is possible only for sites that become at least

partially transparent on time scales comparable to

the radioactive decay mean lives. The most lumi-
nous lines from individual events are the 56Ni and

56Co lines of Type ]a supernovae. Such supernovae

are required to make -0.6 M o of S6Ni during their

explosion to provide both the energy to unbind

the white dwarf and to power the light curve. The

ejecta from these supernovae also have higher

velocities than Type ]]'s because the characteristic

1051 ergs of kinetic energy is distributed within an

object about 10 times less massive. The flux at

maximum in the prominent lines of 56Co in a typi-

cal Type [a supernova is about 3x10 s (10 Mpc/D) 2

photons cm -2 s-1 occurring about 50 to 150 days

after the explosion. These lines are quite broad,

however, with typical velocities of about 5000

km/s. The full width is thus about 30 keV. An

enduring goal has been to measure Type Ia super-

novae in the Virgo cluster at about 20 Mpc where

the event rate is high. To study these supernovae

and learn anything save the well-known fact that

they made some S6Ni, one needs broad line sensi-

tivities no worse than a few times 10 -6 photons

cm -2 s-1. Lacking adequate sensitivity to do this,

one must await the occasional nearby event. Ideally

one would like not only to see the lines, but to

resolve their velocity structure and get the velocity

distribution and mass of S6Ni made in the explo-

sion. This constrains the explosion mechanism (det-

onation or deflagration) and provides information

on mixing of the inner and outer layers of the

supernova. Similar information can be obtained by

watching the time dependent transparency of the

event, but to do this one must begin to measure

the flux quite early and continue measuring it for a

long time. SN 1987A was typical of Type II super-

novae, though about a factor of 10 brighter at

maximum in the gamma-ray lines of s6Co (because

it was a blue supergiant instead of a red one). The

peak flux at 55 kpc was about 10 3 photons cm -2

s-1. This means that observations of Type II super-

novae will be restricted, for the next decade or so,

to improbable occurrences in the local group of

galaxies. Type Ib supernovae are also massive stars,

but lack hydrogen envelopes. They produce about

4 times less S6Ni than Type |a, but expand almost

as rapidly. Thus their signal is intermediate between

Types II and la, about 5x10 -6 (1 0 Mpc/D) 2 photons
cm -2 s-1 and the lines are a little narrower. Thus a

mission having broad line sensitivity of a few times

10-6 photons cm -2 s-1 might detect an extragalactic

Type Ib supernova during a mission lifetime of
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severalyears.Anysupernovainourgalaxywould
beverybrightin thedecaylinesof s6Co and thus

CGRO provides a fail-safe against missing the next

galactic event.
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Figure 2.1. COMPTEL detection of 1.15 7 MeV .4 Ti line emission
from Vela.
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The other isotopes detectable from individual

supernovae are 44Ti, sTCo, and 6°Co. Models for

Type [I supernovae predict a 44Ti mass from 0 to

2x10 4 Mo. Since this isotope comes from the deep-

est layers ejected in the supernova, its ejection is

sensitive to the uncertain explosion mechanism and

to the details of the fall back (e.g., whether the

supernova makes a black hole), which makes detec-

tion of this isotope very interesting. COMPTEL has

reported the detection of the 1.157 MeV line from

the 44Ti-44Sc decay from the Galactic supernova

remnants, Cas A and Vela (Figure 2.1). For Cas A,

using current estimates of the distance and a new

half-life determination for 44Ti, the implied yield is

about 2x10 -4 Mo, consistent with models, but it

remains a mystery why Cas A was not a brighter

supernova given that 44Ti ejection implies 56Co ejec-

tion. Assuming a comparable 44Ti yield in other

Type 11supernovae, the planned INTEGRAL mission

should discover several other young remnants in

our galaxy. However, it should be noted that 44Ti

decay also produces comparable fluxes in lines at

67.85 keV and 78.38 keV. It may be that hard X-ray

instruments can be built with greater sensitivity. SN
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1987A is also expected to have made -0.5x10-4 Mo

of 44Ti (highly uncertain) implying a flux for the

next few decades of about 2xl 0 _ cm -2 s-1. A deep

galactic plane survey for obscured SNR using the

hard x-ray (68, 78 keV) lines from 44Ti will provide

important new constraints on the SNR rate in the

Galaxy with its implications for both galactic

nucleosysthesis and the pulsar birthrate problem.

Gamma-ray lines of 57Co (T 1f2= 271.8 d) were

detected from SN 1987A by OSSE implying a ratio

56Fe/57Fe of about 1.5 times the solar value, an

interesting constraint on both the star's evolution

(i.e., the neutron excess in the silicon shell) and

galactic chemical evolution. However, the signal of

this isotope and 6°Co (T 1/2-- 5.27 y) are such that

they are only likely to be detected from fortuitous

supernovae in the local group. The most prominent

radioactivity expected to produce gamma-ray lines

from classical novae is 22Na. The synthesis of this

species is highly uncertain and is sensitive to the

nature of convection during the explosion and

whether the nova event occurs on a carbon-oxygen

white dwarf or a neon-oxygen white dwarf (the

signal is much stronger from the latter).

2.1.2 GALACTIC NUCLEOSYNTHESIS

Among the several windows we have on star

formation, evolution, and death, and the associated

generation of the elements, gamma-ray spec-

troscopy provides unique information. Nature

provides us with radioactive tracers of current

nucleosynthesis across the entire Galaxy. This gives

insight into the global star formation rate and the

mass spectrum of stars, especially at the massive

end. As we can see the production of specific iso-

topes, we are in effect looking right into the zones

of stars where they are produced.

The prototype isotope for these studies is 26AI

(mean lifetime 1.1 My.) We see a million-year snap-

shot of core-collapse supernovae (and their massive

star progenitors; how much each produces will be

clear only with better observations) across the

Milky Way. It traces the thin disk with apparent

enhancements in nearby regions of increased acti-

vity, possibly the Galaxy's spiral arms. A handful of

individual objects are close enough that we can

already begin to assess their nucleosynthesis yields

directly. The Large Magellanic Cloud might be

detectable to a mission having narrow line sensi-

tivity better than 1 0 6 cm 2 s 1 in a field of view



thatencompassedtheLMC.At 107cm-2s-1one

might even begin to see 6°Fe in the LMC and 26AI
in the SMC.

From some of the same regions where 26AI is

produced, and probably different sites as well, we

also expect observable quantities of 6°Fe (mean life-

time 2.2 My). This will not only clarify core-collapse

supernova nucleosynthesis but also possibly teach

us how the nuclear flame begins in thermonuclear

explosions of white dwarfs.

Another bright line, at 51 1 keV from electron-

positron annihilation, also appears to trace disk

nucleosynthesis of at least a few isotopes, including

26AI, 44Ti, and S6Ni. It is additionally very bright

from the Galaxy's central region, roughly tracing

CGRO / COMPTEL 1.8 MeV, 5 Years Observing Time

Uwe Oberlach et al

May 22. 1997
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Figure 2.2. The intensity of 26AI emission as observed with COMPTEL shows interesting structure

along the galactic plane.

the nuclear bulge. How much of this is from radio-

active decay or compact objects such as pulsars

and black hole binaries, especially those with jets,

will be determined only with more and better data.

The potential of these types of observations

remains unrealized mainly because of the limited

sensitivity and spatial resolution of current instru-

ments. With much improved sensitivity and good

spatial resolution, some of these "diffuse" emissions

would resolve into individual massive stars, super-

nova remnants, star clusters, and associations. We

would gain unprecedented understanding of each,

seeing perhaps the variation of nucleosynthesis

yields, explosion dynamics, and the efficiency of

massive star formation, as well as their mean

values. We could hope to see relic emission of past

starburst episodes at the Galactic center. The detec-

tion of point sources of positron annihilation radia-

tion would clue us in to the contributions of those

sources to the diffuse emission as well as to the

nature of their central engines.

Some of these objectives will be addressed by

the forthcoming INTEGRAL spectrometer SPI, but

not most. Its coded-mask technique is optimized

for point sources, so its sensitivity to extended

sources degrades rapidly with source extent. It will

study well the brightest concentrations of 26AI emis-

sion and probe the physics

of the central Galaxy's

positron annihilation medi-

um with its good energy

resolution, but it will be

hard pressed to detect
6°Fe unless its distribution

has sharp peaks.

2.1.3 IINTERSTELLAR
PROCESSES

The detection of nuclear

de-excitation lines, such as

those at 4.44 and 6.13 MeV

from excited states in 12C

and 160, produced by accel-

erated particle interactions

with interstellar gas and

dust can provide the first
direct measure of the inten-

sity of low energy cosmic

rays in the Galaxy. Such par-

ticles with energies < 100 Mev/nucleon could make

a significant contribution to the galactic nucleosyn-

thesis of the light elements, Li, Be and B, but these

low energy particles can not be detected in the

inner solar system because they are excluded by

the solar wind. Thus a search for nuclear de-excita-

tion lines both from the diffuse interstellar gas and

from star formation regions around giant molecular

clouds can provide unique information on the

intensity, spectrum and spatial distribution of

cosmic rays at low energy, and offer clues to their

origin and acceleration. The reported discovery by
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COMPTELof suchgamma-rayemissionlinesfrom
theOriongiantmolecularcloudcomplexhas
turnedout to beonlyanartifactof thedataanaly-
sis.However,theannouncementreawakened
awarenessof the importanceof suchmeasurements
anddemonstratedtheneedfor newobservations
withmuchmoresensitivedetectorsthanthose
plannedforthenearfuture.

Thegalacticdiffusegamma-raycontinuum
emissionisthedominantfeatureof thehigh-
energy(> 10MeV)gamma-raysky.Thisdiffuse
emissionisproducedprimarilybycosmic-rayelec-
tronandprotoninteractionswith thematter(via
Bremsstrahlungandnucleon-nucleoninteractions)
andphotons(viainverseComptoninteractions)in
the interstellarmedium.A high-energygamma-ray
telescopewithbetterangularresolutionwill permit
moredetailedsearchesfor cosmic-raygradients
includingvariationsin theelectronto protonratio,
cosmicraycontrastbetweenthegalacticarm/inter-
armregions,andevidenceforregionsinwhichthe
cosmic-rayspectrumdiffersfromthelocalobserved
spectrum.Increasedsensitivitycoupledwith
improvedangularresolutionwillalsoallowtheflux
fromfaintergamma-raypointsourcesto bemore
accuratelyseparatedfromthegalacticplanediffuse
emission.Thegamma-rayemissionfrommolecular
cloudsarisesfromthesamecosmic-rayinteractions
withmatterwhichproducethegeneralgalactic
diffuseemission.Molecularcloudsprovideameans
to studytheseprocessesandthegalacticcosmic
raysin localizedregionsof thegalaxy.

Nucleosynthesis Objectives:

• Measure gamma-ray line emission from nearby

extra-galactic supernovae.

• Search for nuclear de-excitation lines from both

the diffuse interstellar medium and from star for-

mation regions in the galaxy to determine the

intensity, extent and origin of low energy cosmic

rays and their role in light element production.

Nucleosynthesis Requirements:

• Flux sensitivity at least a factor of 10 better than

INTEGRAL with comparable energy resolution

and angular resolution of less than 1 degree.

2.2 NATURE OF BLACK HOLES &
NEUTRON STARS

2.2.1 BLACK HOLE SYSTEMS

ess than a decade ago, the only black holes
suspected were in massive binaries such

as Cyg X-1. The situation has changed

dramatically with the discovery of highly-transient

compact binary systems with a low-mass stellar

companion and a high-mass compact primary

(almost certainly a black hole based on the dyna-

mical mass). The estimated total number of these

systems in the galaxy may be hundreds or more,

and thus they could be the dominant class of X-ray

binaries. Black hole systems with a high-mass com-

panion have persistent hard spectra, often extend-

ing out to 200 keV, and low-mass companion

transient systems have spectra extending out to

beyond 100-200 keV, with transient broad and

redshifted 5t 1 keV line emission reported for at

least one system (Nova Muscae 91). Spectra of

samples of black holes will allow detailed tests of

emission models and comparisons with neutron

stars. Further comparisons with spectra of AGNs,

believed to contain super-massive black holes,

could then be made to determine the self-similarity
of accretion flows onto black holes over a wide

range of mass scales. These similarities are of grow-

ing interest as galactic black hole candidates exhib-

it relativistic outflows of radio emitting matter.

Sources such as GRO J1655-40 and GRS 1915+105

which have been detected at energies as high as

800 keV provide a local laboratory for black hole

studies.

2.2.2 ACCRETINGNEUTRON STARS:
X-RAY BURSTERSAND PULSARS

In low magnetic field (B < 10_-1 09 G) neutron

star systems, the weak field cannot channel the
accretion flow onto the neutron star. When in a

state of low accretion, these systems appear to

exhibit hard X-ray power law components (hard

tails) extending out to usually only -60-100 keV.

Spectral measurements to determine the self-simi-

larity of the photon index (typically 2.5-3.0) and

cutoff energies are of primary interest for under-

standing the accretion flows onto these systems

(versus black holes).

8



Figure 2.3. Recent CGRO and RXTE observations have provided

important insights into accreting binary systems.

Studies of X-ray bursters with BATSE, RXTE and

BeppoSAX as well as studies of individual systems

(e.g., 4U 0614+09 and 4U 1915-05) have suggest-

ed common characteristics of the hard spectra from

neutron stars and the differences (primarily hard x-ray

luminosity) between neutron star and black hole

hard X-ray spectral components. These suggest many

observational follow-up studies for future missions

with much higher sensitivity and resolution.

Figure 2.4. An artist's view of a magnetar. The superstrong

magnetic fields of these objects provide a unique laboratory.

Accreting neutron stars with high magnetic fields

are observed as X-ray pulsars. The detection and

detailed study of cyclotron lines in their hard X-ray

spectra are the best and most direct method of

determining neutron star magnetic fields. Indirect

arguments invoking spin-up or spin-down near the

equilibrium spin period often indicate rather high

magnetic fields (-10 TM G in the case of GX 1+4).

Recent measurements of a cyclotron feature at 110

keV and a possible feature at 55 keV in A 0535+26,

implying B -10 _3G, have strengthened the case for

high magnetic fields for some accreting pulsars.

High fields are similarly inferred for other Be bina-

ries. Magnetic dipole spin-down remains a possi-

bility although the implied fields approach 10 TM G in

several cases. Because of the rapid spin-down to the

radio pulsar death line, such ultra-high field neutron

stars may be best observed in the X-ray regime.

if ....... °i
Figure 2.5. The emission history of earliest known SGR's.

It is crucial to maintain a hard X-ray monitoring capability to

understand these objects.

Cyclotron line features and high quality continu-

um spectra of such sources would probe the

strongest magnetic fields in nature and should give

important evidence of new quantum effects

expected near 10 TM G. The persistence of such high

fields may be related to the accretion history of

these objects. If so, relatively low average accretion

rates may be important such as those seen in the

Be systems, implying either transient X-ray sources

or low steady luminosities. Accordingly, studying

these unique high field sources presents several

observational challenges: the sources will be tran-

sient or faint and the need to obtain high sensi-

tivity, high resolution spectra covering two

cyclotron harmonics requires sensitivity to energies

as high as 500 keV-1 MeV. The INTEGRAL should

give important results on some brighter systems,

but future large area imaging experiments will be

needed to probe the physics of ultra high-field

accreting neutron stars.

A recent triumph in neutron star studies comes

from the solution to a long-standing puzzle. The

Soft Gamma Repeaters (SGR) are sources of spo-
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radic,varyingburstsof hardX-rayemission.The
evidencethatSGRsareassociatedwithsupernova
remnantsfollowedbythedetectionof pulsedemis-
sionconfirmedtheneutronstaroriginofthese
sources.Fortwo ofthefiveknownSGRs,SGR
1806-20andSGR1900+14,detectionof pulse
periodsandspin-downratesallowestimatesof
magneticfieldstrengthsabove10TM G. This estab-

lishes the magnetar origin of SGRs. Further obser-

vations will reveal what fraction of neutron stars are

born as magnetars and explore their relationship to

the "anomalous X-ray pulsars". Furthermore, the

question of whether SGR's are really being powered

by accretion, like the closely related "bursting pul-

sar", is still open. Not only will neutron star physics

benefit from further SGR studies, but the possibility

exists that SGR studies may provide insight to the

gamma-ray burst mystery

2.2.3 WHITE DWARFS

Since the proton accretion free-fall energy onto

a white dwarf is -200 keV, accreting white dwarfs,

or cataclysmic variables (CVs), are natural hard

X-ray emitters. The magnetic CVs, or AM-Her and

DQ Her systems (strong and moderate magnetic

fields, respectively) may have accretion flows clos-

est to free-fall since their disks are nonexistent or

marginal (respectively). Much more sensitive hard

X-ray observations would allow the first broad com-

parison with the ROSAT Survey, which has greatly

extended (to more than 40) the known sample of

AM Her systems. These are "ultra-soft."The higher

spectral resolution of future hard X-ray missions

would allow (for example) a systematic search for

COMPTEL 2.2 MeV All-Sky Map
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Figure 2.6. This map of 2.2 MeV radiation shows evidence for

transient line emission from the white dwarf RE J0317-853..

the expected change in hard X-ray cutoff energy

vs. mass of the white dwarf (due to changing M/R)

as might be observable in "new" >200 MG AM

Her systems. The recent announcement that

transient 2.2 MeV line emission was possibly

detected by COMPTEL from the strongly magne-

tized white dwarf, RE J031 7-853 could be the

beginning of a new era in exploring white dwarfs.

2.2.4 SPIN-DOWN PULSARS

Rotation-powered pulsars -- rotating, magne-

tized neutron stars -- are among the brightest

persistent sources in the gamma-ray sky, and are

among the few sources that have been unam-

biguously identified in high-energy gamma-rays.

By virtue of their enormous magnetic and gravi-

tational fields coupled with their rapid rotation,

pulsars are today well-established, mainly from

gamma-ray observations, as being powerful particle

accelerators. Pulsars offer a uniquely direct way of

being identified with a gamma-ray source, because

of their signature pulsations at a predictable pulse

period.

Thanks to the successes and timing capabilities

of past and present gamma-ray telescopes, today

there are certain associations between seven

gamma-ray sources and rotation-powered pulsars:

the Crab and Vela pulsars, Geminga, PSRs

B1055-52, B1509-58, B1 706-44, and B1951+32.

Tantalizing evidence exists for high-energy gamma-

ray pulsations from two more: PSRs B0656+14 and

B1046-58.

These identifications have demonstrated that

gamma rays hold the key to understanding pulsar

emission. The ultimate source of energy for a pulsar

is its rotational kinetic energy; gamma-ray obser-

vations have proven that pulsars are efficient

machines for converting this mechanical energy

into non-thermal high-energy gamma-ray photons,

with typical conversion efficiencies around 1%, and

an efficiency of nearly 10% reported in one case.

Understanding how this energy conversion is

achieved may well have implications for other

astrophysical objects, such as black holes and active

galactic nuclei. Yet an understanding of the physics

involved has been elusive.

There are two possible locations for the gamma-

ray emission regions in pulsars: near the polar cap
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Figure 2.7. These multi-wavelength pulse profiles of the known gamma-ray pulsars show the diverse

shapes and energy dependencies which a complete theory of magnetospheric emission must describe.

and in the outer magnetosphere near the light

cylinder. Models invoking these different regions

predict different high-energy pulse morphologies,

spectra, pulse phases as a function of energy, and

angular extents of the gamma-ray beams. Though

the handful of identified gamma-ray pulsars has

placed significant constraints on such models, the

issue of where the emission originates has yet to be
laid to rest.

Determining which model is correct is important

not only for understanding the pulsar emission

mechanism, but also because gamma-ray pulsars

can provide a window on otherwise 'invisible' pul-

sars in our Galaxy. Their contribution to the diffuse

Galactic gamma-ray emission, their connection to

the unidentified EGRET sources (see also Section

2.4), and their total number and hence birth rate in

the Galaxy, depend on how many are visible, that

is, on their gamma-ray beam size, luminosity and

spectrum.

More and more, gamma-ray observations have

come to play integral parts of multi-wavelength

studies of pulsars. In essence, gamma-ray observa-

tions clarify the fate of the spin-down energy and

its availability for other processes such as a wind to

power synchrotron nebulae, through detection of

pulsed and unpulsed emission. For example, the

underlying physics of all mechanisms for produc-

tion of X-rays is ultimately tied to processes that

involve gamma-rays in a fundamental way: magne-

tospheric emission luminosity peaks at gamma-ray

energies, and comparisons of X-ray and gamma-ray

pulse morphologies, relative

pulse phases, and phase-

resolved spectra are basic

diagnostics; polar cap

reheating, a source of soft,

thermal X-rays, is likely a

result of higher energy

processes at higher altitudes

that may be responsible for

the gamma-ray emission;

and pulsar wind nebula

emission, which, at least in

the Crab nebula (the only

one to have yet been stud-

ied in significant detail)
extends across the electro-

magnetic spectrum up to

TeV energies and signals a

population of wind electrons having energies as

high as 1016 eV.

Aside from the classical pulsar problems, the

study of isolated neutron stars in general is under-

going a renaissance, with the realization that these

objects can embody even more extreme properties

than has been appreciated. In particular, magnetic

fields as high as 10 is G have been suggested in

some unusual sources. Gamma rays are crucial to

existing and upcoming multiwavelength efforts to

understand generalized isolated neutron star

physics, and to unify the population.

The strategy for future observations has been

made clear by the foundation laid by past gamma-

ray missions. The debate regarding the origin of

gamma ray emission in the magnetosphere must

be settled by obtaining a significant population of

gamma-ray pulsars to study. The gamma-ray

properties of pulsar wind nebulae themselves

must also be established beyond the single data

point of the Crab. The nature of the unidentified

Galactic plane gamma ray sources (see also section

2.4) must be better determined, to establish

whether they are indeed candidates for young

rotation-powered pulsars, and what the implica-

tions are for their birth rate. Improvements on the

positions will permit searches for either pulsed or

unpulsed counterparts at lower energies.

Continued monitoring for soft gamma-ray out-

bursts is necessary for reliable population estimates

and magnetar identification.
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Significantprogressin relatedareasisbeing
madealreadyandbegsfor gamma-rayfollow-up:
in thepastyear,over250newradiopulsarshave
beendiscoveredin theplaneof ourGalaxy;many
ofthesesourcescouldbehigh-energydetectable.
Inaddition,severaldiscoveriesofextremelyyoung
andenergeticpulsarshaverecentlybeenmadeat
X-rayenergiesandwillbekeysourcesforgamma-
rayfollowup.PlannedradioobservatoriesandX-ray
missionswill undoubtendlycontinueto makemajor
neutron-stardiscoverieswhosegamma-rayfollow-
upisanobviousnextlogicalstep;thereversecould
easilybetrueif instrumentationpermitted.

Figure 2.8. Thiscolor codedview of the gamma-ray emission
regionsof a pulsar magnetosphereshowshow the pulseprone can
eventuallybemappedback to the source.Sensitivetestsof emission
mechanismsis the result.

The properties that future gamma-ray instru-

ments must have in order to effectively address the

major issues in pulsar and exotic neutron star

science are (i) high angular resolution, (ii) large

collecting area, and (iii) photon time tagging at the

tens of microseconds level. The objectives and

requirements for compact object studies are:

Compact Object Objectives:

• Identify a larger gamma-ray sample of accreting
black holes and neutron stars.

• Monitor the sky for transient hard X-ray emission

to identify new active accreting black holes and

neutron stars. Constrain the BH population of the

Galaxy.

• Measure temporal and spectral variations of emis-

sion from accreting black holes and neutron stars.

12

• Search for e÷/e anihillation line emission in the

flaring 10 keV to 1 MeV spectra of accreting
black holes.

• Identify a larger gamma-ray sample of both radio

pulsars and radio-quiet pulsars.

• Measure phase-resolved energy spectra for many

pulsars over a broad range.

Compact Object Requirements:

• Effective area for a high-energy telescope at least

5 times that of EGRET, for high counting rate;

substantially increased FOV for total pulse
statistics.

• Moderate spectral resolution from 10 MeV to 100

GeV; excellent calibration at low energies to allow

comparison with Compton/Scintillator detectors.

• Source locations one arcmin or better to allow deep

x-ray, optical/IR, and radio searches for pulsars

and black holes in newly discovered transients.

• All-sky monitoring of hard (10-600 keV) X-rays

with sensitivity at least two orders of magnitude
better than HEAO-1.

2.3 EXTRAGALACTIC ASTROPHYSICS

he Compton Gamma Ray Observatory
(CGRO) has contributed substantially to

our understanding of Active Galactic

Nuclei. Perhaps the most obvious and widely

known result is that there are clearly two classes of

gamma-ray-emitting AGN in the sky: these are the

jet-dominated blazars, and the more ordinary,

radio-quiet Seyferts and quasars. The marked
differences between the two classes are seen even

in the radio and optical data: blazars are domi-

nated by compact, milliarcsecond cores, and the

radio and optical emission is strongly polarized.

The compact radio cores show superluminal

expansion. With the rapid and large-amplitude

variability observed in the GeV gamma rays, we

now think that the entire emission arises in a jet

pointing close to the line of sight, where the emis-

sion is strongly enhanced due to the relativistic

Doppler effect. The radio and optical emissions are

most likely due to the synchrotron process, while

the hard X-rays and gamma rays are due to

Comptonization, of either the internal synchrotron

radiation, or photons external to the jet. The blazar



luminosityoftenpeaksin thegamma-rayband
above1 MeVandallCGROinstrumentshave
detectedthehighenergyemissionsfromseveral
blazars.Inthecaseof radioquietobjects,the
overallelectromagneticspectraarequitedifferent.
Withinthecurrentsensitivity,thesespectradonot
extendbeyondafewhundredkeV.Instead,they
appearto cut off,suchthattherearenoobserved
photonsat orbeyondthe511keVannihilationline.
Inmanycases,thehardX-raysandsoftgamma
raysvaryona relativelyshorttimescale,indicating
acompactemissionregion.Thisimpliesthatthey
mustbeproducedverycloselyto thecentral
engine,andareprobablytheprimaryformof
radiativepowerin radio-quietAGN.

2.3.1 SEYFERTS

TheobservationsbyOSSEonCGROshowinga
breakoranexponentialcutoffin thehighenergy
X-rayspectrumof Seyfertgalaxieshavehadenor-
mousimpactonourtheoreticalunderstandingof
theX-rayandgamma-rayemissionprocesses.They
ruleoutpurelynon-thermale±modelsandfavor
thermalor quasi-thermalComptonizationasa
mechanismfor theX-rayto gamma-raycontinuum.
A viewoftheSeyfertnucleuswhichisconsistent
withX-rayandgamma-rayobservationsof CGRO,
ROSAT,ASCA,RXTEandBeppoSAX indicates that it

contains optically-thin, mildly-relativistic, plasma

which emits, via Comptonization, a power-law

spectrum in X-rays. The plasma is above an accre-

tion disk, which Compton-reflects this radiation

and gives rise to a broad continuum peak at -30

keV and an emission line at -6.4 keV. The nucleus

is embedded in a thick molecular torus. The spec-

trum observed in the polar directions relative to the

torus is the intrinsic power law and Comptoniza-

tion of the nucleus, identifying Seyfert 1 objects.

Viewed from the plane of the torus, the intrinsic

spectrum is strongly absorbed by the neutral torus

material with column depths of 1022 - 102s cm -2.

The X-ray emission in these cases are highly absorbed,

identifying Seyfert 2 objects; however, the intrinsic

power law spectrum and break should be the same

as for Seyfert 1 objects. Recent BeppoSAX observations

show that obscured AGN may dominate the soft x-ray

(ROSAT) source counts by factors of at least 2-4.

Hard X-ray and gamma-ray observations of

Seyfert objects thus provide key information in the

understanding of Seyfert AGN:
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Figure 2.9. Thebroad-bandspectrumof NGC 4945 using
CGRO/OSSEand ASCAdata showsthe complexbehavior including
the expectedobscurationof low-energyemission.Gamma-ray
observationsare crucial for fully understanding activegalaxies.

• Broad band coverage to several hundred keV,

with response extending to above 51 1 keV, is

required to identify the character of the intrinsic

nuclear spectrum and characterize the thermal

plasma.

• They determine the extent of non-thermal
contributions to the nuclear emissions and the

contributions of e ± pairs.

• They offer the opportunity to discover many new

Seyfert 2 AGN which have not been detected in

X-ray surveys due to the large absorption in that

lower energy band.

2.3.2 BLAZARS

One of the major accomplishments of gamma-

ray astronomy in recent times has been the detec-

tion of high-energy gamma rays from a class of

active galaxies termed "blazars." The observed

luminosity of some of these at gamma-ray energies

exceeds that at other wavebands by as much as

two orders of magnitude; energy considerations

demand that the gamma-ray emission be beamed.

The gamma rays are thought to be produced in

jets containing highly relativistic plasma, moving

with roughly the same Lorentz factors required to

explain the superluminal motions detected in many

sources. The timescale of variability of the gamma-

ray emission is shorter than at radio frequencies,

implying that the gamma rays originate in the por-

tion of the jet that lies between the central engine

and the radio jet imaged with VLBI. Very little is
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knownaboutthisportionof thejet.Yetit ispre-
ciselytheregionwherethemostimportantphysics
occurs:theformationof thejet,theaccelerationof
theenergeticparticles,thecollimationof theflow
intoa narrowcone,andtheaccelerationofthe
flowto Lorentzfactorsupto 20andpossiblyas
highas100.

In somecases,thegammaraysaredetected
duringperiodsof enhancedactivityat otherwave-
lengths.In afewwell-monitoredobjects,thereisa
closeassociationbetweenflaresseenat millimeter
to opticalwavelengthsandhighgamma-raystates
(e.g.,PKS0528+I34and3C279)andbetween
UVto X-rayandveryhigh-energygamma-ray
emission(e.g.,MKN421).Theparticleinjection/
accelerationprocess,whichappearsto fluctuate
rapidly,canonlybestudieddirectlybyobserving
theGeV-TeVgammarays.Withan improvementin
sensitivityof afactorof I0 in aGeVspacetele-
scope(acombinationof largereffectiveareaand
betterangularresolution),thenumberof blazars
visibleto afutureinstrumentshouldincreasebya
factorof at least30,fromthepresent93 to several
thousand,whichwould(if therearenotbasic
differences)encompassalltheknownblazars.A
similarimprovementinsensitivityinground-based
observatorieswill permitthedetectionof weaker
nearbyblazarsaswellaslong-andshort-term
monitoringprograms.Simultaneousmultiwave-
bandmonitoringwill resultinexcitinginferences
regardingrelativisticjetsandenergeticparticle
accelerationin blazars.Theabilityto followflares
smallerthanthosewhichcanbedetectedwith
EGRET,andto obtainbettertimeresolutionwill
leadto thederivationof thegeometryandphysi-
calcharacteristicsofthe innerjet byobserving
timedelaysat differentfrequenciesastheflare
propagatesalongthejet.

Of particularimportancewillbethemeasure-
mentof theenergyspectraof gamma-rayblazars
asafunctionof redshift,sincetheabilityof high-
energygammaraysto traverselargecosmic
distancesislimitedonlybyphoton-photonpair
productionoffambientphotons.Fortheclosest
blazarsthisattenuationwill beginto occuratener-
giesabove4TeVbutfor themostdistantobjectsit
will beginto occurabove30GeV.Tocompletethis
study,observationswithhighsensitivitywill be
requiredfrombothspace-andground-based
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gamma-ray telescopes. Observations of the high-

energy cutoff to the gamma-ray emission from
blazars will therefore allow an inference of the

ambient photon field and may define the epoch of

galaxy formation.

2.3.3 CLUSTERS

The detection of hard X-ray emission from

inverse Compton scattering of 2.7 K background

photons from high-energy intracluster electrons

would provide a very direct way of investigating

intergalactic magnetic fields. The presence of elec-
trons is inferred from the observation of cluster

radio halos. The Coma cluster is the best known

example, but others include A 2255, A 2256, A

2319, and A 1367. The origin of the magnetic

fields in galaxy clusters is not understood, nor is

the mechanism by which the electrons are acceler-

ated. Since we cannot be confident of equiparti-

tion, the magnetic field cannot be estimated from
the radio observations alone. Observation of the

inverse Compton X-rays together with the radio

observations would provide a much more direct

method of establishing the magnetic fields, but

requires X-ray observations above about 20 keV
to avoid confusion from thermal emission. An esti-

mated flux sensitivity of -3 x 10 -6 photons cm 2 s 1

keV _ in the -20-60 keV range is needed to make

the crucial measurement. The hard X-ray detector

(PDS) on BeppoSAX has recently discovered a sig-

nificant hard excess (>25 keV) above the thermal

emission (kT - 8 keV) for the Coma galaxy cluster.

This implies a cluster magnetic field of -0.14

microGauss, the first such determination. Higher

sensitivity and spectral resolution observations are

needed as well as imaging to map the emission

and rule out AGN contributions. Focusing hard

X-ray telescopes, with high resolution detectors, are

particularly well suited to this important problem.

2.3.4 THE DIFFUSEGAMMA-RAY BACKGROUND

Data on the cosmic diffuse gamma-ray back-

ground have been obtained by over 20 balloon

and satellite borne instruments over the past 30

years, but only recently have good spectral mea-

surements been made. Many questions remain

unanswered though, such as the spectral shape in

the MeV region, the presence or absence of nucle-

osynthetic lines, the angular distribution, and the

origin of the radiation.



The low-energy portion of the cosmic diffuse

spectrum (10 keV to 60 keV) is characterized by a

bremsstrahlung spectral form that can be approxi-

mated by a power-law segment of energy index

-0.4. The energy spectrum transitions to a power

law of index -1.6 above 60 keV. At one MeV, there

is still uncertainty as to the shape. Prior to 1995,

the spectrum was thought to have a hump at -2

MeV as detected by instruments on balloons,

HEAO-1, and Apollo 16/1 7.
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Figure 2.10. The diffuse background from soft X-rays to high-

energy gamma rays.

Recent measurements, however, by the COMP-

TEL instrument on CGRO in the 0.8-30 MeV range,

and a careful reanalysis of data obtained with SMM

and HEAO-1 have not confirmed the presence of

the hump. Above several MeV the spectrum has an

energy index of -1.0 as seen by recent measure-

ments by EGRET.

Various theoretical attempts have been made to

model the source of the diffuse background as

unresolved AGN. It is generally possible to fit the

spectrum with dominant contributions from

absorbed Seyfert 2's between 10 and 400 keV
and blazars between 3 MeV and 10 GeV. There

may be an excess emission at -1 MeV above the

AGN models, although the data quality is not good

in this range. The origin of such an excess could

be "MeV Blazars" or possibly gamma-ray line and

continuum emission from unresolved Type la

supernovae.

Extragalactic Objectives:

• Detection of an expanded sample of Seyferts and

blazars at much higher S/N than with CGRO OSSE.

• Coordinated observations of Seyferts and blazars

with good sensitivity into the hard x-ray and
MeV bands.

Extragalactic Requirements:

• Hard X-ray telescope.

• Hard X-ray deep survey instrument

• Flux sensitivity at high energies at least a factor of

10 better than EGRET with comparable angular

resolution.

2.4 THE MYSTERY OF THE
UNIDENTIFIED HIGH-ENERGY
GAMMA-RAY SOURCES

he history of astronomy has been punctuat-
ed by breakthrough discoveries -- galaxies,

quasars, pulsars, and X-ray binaries are

examples -- where the sources were first seen as

"unidentified" objects by telescopes that fell short

of having the spatial, spectral, or timing resolution

needed to complete the identification. Such a pop-

ulation is now seen in the high-energy gamma-ray

sky. In addition to the known source classes of nor-

mal galaxies, pulsars, and blazars, the third EGRET

catalog contains 170 unidentified sources (out of a

total of 271). With this many gamma-ray-luminous

objects scattered across the sky, the potential for

exciting discoveries is high.

The distribution of unidentified EGRET sources

suggests a largely Galactic population. Some possi-

bilities are: (1) radio-quiet pulsars like Geminga.

Such pulsars would aid studies of neutron star

population and dynamics (see section 2.2.4). (2)

cosmic ray concentrations in supernova remnants.

Some EGRET sources appear to be associated with

SNR and may represent the sources of cosmic ray

protons. (3) X-ray binaries. Two tentative identifi-

cations suggest that winds or accretion processes

may result in gamma-ray emission from binary

systems. (4) gamma-ray flare stars. Some EGRET

sources appear to be transients not associated with

prominent radio or X-ray sources showing similar

variability. For all sources near the Galactic plane,

problems of source localization and source confu-

sion present challenges to be solved with a future

gamma-ray telescope.

Some of the high-latitude unidentified sources

are likely to be extragalactic, perhaps unrecognized

or radio-quiet blazars (many of the EGRET error

boxes do not contain bright, flat-spectrum radio
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sources),orsomeothertypeof activegalaxy.The
tentativeidentificationof CenA in theEGRETcata-
logsuggeststhatotherAGNshouldproducehigh-
energygammaraysat somelevel.Inallthese
cases,thegammaraysprovidecriticalinformation
towardunderstandingthephysicsofjets
(seesection2.3.2).

Themostimportantpossibilityis thatthe
unidentifiedsourcescontainsomenewtypeof
astronomicalobject,asmanypreviousclassesof
"unidentifieds"haverevealed.Thisprospectisone
ofthestrongestincentivesto makedefinitive
measurementsof thegamma-raysourcelocations,
energyspectra,andtimevariability.
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Figure 2.11. This optical image shows the relative sizes of the
EGRET and GLAST source localization capabilities, Improvements

such as these are critical for identifying counterparts to
unidentified sources.

Unidentified Objectives:

• Determine the locations of many of the unidenti-

fied sources with sufficient accuracy for identifica-

tion with objects known at other wavelengths.

• Measure time variability, if any, on scales of one

day or less, and search for pulsations. Measure

the energy spectra of unidentified sources over a

broader energy range.

Unidentified Requirements:

• Source location accuracy better than one arcmin.

The smallest possible error boxes are important.
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• Increased sensitivity (factor of at least 10 greater

than EGRET) to detect more photons and moni-

tor time variability of sources.

2.5 THE GAMMA-RAY BURST ENIGMA

espite 25 years of effort, astronomers have
yet to explain cosmic gamma-ray bursts.

This phenomenon is currently the subject

of about one publication/day in the astronomical

literature, about the same as the observed event

rate. Bursts occur at random locations, and for

about 20 s can be the brightest objects in the

gamma-ray sky before fading into multi-

wavelength obscurity. Their isotropy and inhomo-

geneity have been well documented by BATSE.

Discoveries in the last two years have helped to

resolve the well known debate regarding the

gamma-ray burst distance scale but also height-

ened the mystery regarding what sort of model, or

group of models can provide the enormous ener-

gies implied by such a bright event occurring at

cosmological distances.

Beginning in 1997, the Italian X-ray mission

BeppoSAX was able to provide sufficiently accurate

prompt locations (about 5') to the ground-based

community that fading counterparts in other wave-

lengths, especially optical and radio, were discov-

ered for a few bursts. To date at least 9 optical

counterparts have been detected and red shifts

obtained for a half dozen host galaxies (see Table 2.1).

It is important to note that, thus far, these bursts

have all been of the long complex variety since

BeppoSAX only triggers on bursts longer than 5 s.

Thus we still know very little about the characteristic

distance and sources of that discrete group of hard

short bursts with mean duration 0.3 s. However, it is

now clear that at least a large subset of the long

bursts seen by BATSE are at cosmological distance

with a mean redshift greater than one. This makes

them the most energetic explosions in the universe.

As this report goes to press, one of the most recent

bursts studied, GRB 990123, at red shift z = 1.61

has been determined to have an energy that, if

isotropic, would exceed the rest mass energy of the

sun turned into gamma-rays within no more than a

minute. It may well be that the burst sources are

beamed so that the characteristic energy is reduced

and the event rate much higher than one per day,

but in any case, the puzzles posed to the theorists



areasexcitingastheyaredifficult.Howcanone
releasesomuchenergysorapidlyandconvertit
intogamma-rayswithsuchhighefficiency?Howare
the"afterglows"atotherwavelengthsmade?Is
theremorethanonemodelfor gamma-raybursts?
Whatdowe learnaboutstarformation,cosmology,
particleacceleration,andblackholephysics?

GRB990123wasalsodetectedbytheground-
basedROTSEtelescopewithanopticalmagnitude
of about9 duringtheburstitself.Whilethiswasan
exceptionallybrightburst,certainlyin theupper

1%ofthebrightnessdistribution,thefactthat
someburstshavebrightcounterpartsmustalso
affectfuturemissionstrategy.Alsoof significanceto
missionstrategywasa burstthatoccurredonApril
25,1998coincidentwith theonsetof a bright
Typelc supernova, SN 1998bw. Because of the

relatively large error box of BeppoSAX and the

possibility of source confusion, the congruence of
these two events remains controversial in the com-

munity. However if the burst and the supernova

(distance 38 Mpc) were the same event, the April

25 gamma-ray burst was about 100,000 times-

TABLE 2.1. GRBs LOCAUZED BY BEPPOSAX AND BATSE/RXTE oR RXTE/ASM (COURTESY J. GREINER)

GRB GRB X-ray position Error Instrument IPNa XAa OTa RAa IAUC z

960720 17h30_37 _ +49 ° 05.8' 3' SAX/WFC n n 6467,
6569,

970111 15h28m15 _+19 ° 36.3 ' 3_ SAX/WFC y y n 6533,
6569,

970228 05h01 m57s +11 ° 46.4 ' 3' SAX/WFC y y y 6572

970402 14h50m16_--69 ° 19.9 _ 3' SAX/WFC y n 6610

970508 06h53m28 _+79 ° 17.4 _ 3' SAX/WFC y y Y 6649, 0.835
6654

970616 01h18m5T-05 ° 28.0' 40"2 ' XTE/Uly y y n 6683,
6687

970815 16h08_43 _+81 ° 30.6' 6_'3 ' XTE ASM y n 6718

970828 18h08m295 +59 ° 18.0' 2.5"1' XTE ASM y y n 6726, 0.33?
6728

971024 18h24m51s +49 ° 28.9' 9.0"1' XTE ASM y n priv.
comm.

971214 11h56_30 _ +65 ° 12.0 ' 4' SAX/WFC y y y 6787, 3.14
6789

971227 12h57m35s +59 ° 15.4 _ 8' SAX/WFC y? _ 6796

980109 00h25r_56 s-63 ° 01.4 _ 10' SAX/WFC n n 6805

980326 08h36m26_--18 ° 53.0' 8' SAXIWFC y _ y 6851

980329 07h02m41s +38 ° 50.7' 3' SAX/WFC y y y y 6853 -5?

980425 19h34_54 _-52 ° 49.9' 8' SAXIWFC y SN y 6884 0.0085

980515 21h18_04_-67 ° 14.9' 5' SAX_WFC _ 6909

980519 23h22m14 _+77 ° 15.3' 3' SAX_WFC y y y y 6910

98061 3 10hl 7m46_ +71 ° 29.9 ' 4 _ SAX _WFC y y 6938 1.096

980703 23h59m07 _ +08 ° 35.6 ' 4 _ RXTE/ASM y y y 6966 0.966

980706 10h48m005 +57 ° 20' 4 deg COMP/PCA y ? n -

981220 03h42m34 _ +17 ° 09' 2'*4.5' ASM/Uly y y

981226 23h29_40 _-23 ° 55 _ 6' SAX/WFC y ? 7074

990123 15_25r_29 s+44 ° 45 _ 2' SAX/WFC y y y y 7095 1.60

99021 7 3h02m52 S--53 ° 06' 3' SAX/WFC n n 7110

(a) IPN -- interplanetary network detection; XA -- X-ray afterglow; OT -- optical transient; RA -- radio after-
glow; z -- redshift. (Complete through February 1999)
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Figure 2.12. Over2300 gamma-ray burstshave now beendetectedby CGRO/BATSE.

fainter than most of the other events for which

hosts have been determined, there may be a large

population of faint bursts beyond the capability of

BATSE to detect. Thus, much higher sensitivity

(increased by factors -5-20) and angular resolution

are needed to probe the IogN-IogS distribution and

possible SN contributions.

Another important relatively unexplored aspect

of gamma-ray burst science is their high energy

emission. Several bursts have been detected at very

high energies, up to 18 GeV, by the EGRET instru-
ment on CGRO. In one case the burst continued at

high energy for almost two hours -- much longer

than at the lower energies seen by BATSE. The

mission to accomplish this is

the Gamma-Ray Large Area

Space Telescope (GLAST).

While a complete theory of

gamma-ray bursts is lacking,

we expect that the panchro-

matic behavior of bursts, all

the way from the radio to 1

TeV, will be very important

in unraveling their nature.

Objectives:

• Obtain accurate prompt

locations, preferably of

order arc seconds, for

hundreds of bursts so as

to allow prompt follow up

studies from the ground

to determine distances. It

may be that gamma-ray

bursts are a diverse phenom-

enon and we need a large

sample to determine the
characteristics of the various

components.

• Obtain the distances and evi-

dence for or against galactic

association for a significant

sample of short hard bursts

• Study the very high energy

emission of gamma-ray bursts

in the energy band 100 MeV
to at least 300 GeV.

Coordinate the results with

behavior at other wav

lengths and obtain accurate locations for these

high energy bursts as well.

• Search for fainter bursts than seen by BATSE.

• Search for much fainter bursts.

Requirements:

• Arcsecond source locations to allow prompt,

deep optical, X-ray and radio counterpart
searches.

• Rapid ground based followup

• Sensitivity to high energy photons

• Increased hard x-ray sensitivity (-5-20 BATSE

_values) to search for GRBs at high redshift.

GRB 990123: Optical Transient Discovery

DSS _O-im_h

Odcwab¢Bloom,Kal_'_ 1999

4' x 4'

Figure2.13. SmallGRBerrorboxeshave allowedsensitiveoptical searchesfar counterpartssuchas
this image associatedwith a burst detectedby BATSE,COMPTEL,and BeppoSAX.
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2.6 SOLAR GAMMA RAYS:
EXCEPTIONAL PHOTONS FROM AN
UN EXCEPTIONAL STAR

amma-ray lines from solar flares were first
observed in 1972 with the Nal scintillator

on OSO-7. It was not until 1980, however,

that routine observations of gamma-ray lines and

continuum became possible with the much more

sensitive Solar Maximum Mission (SMM). Most

recently, gamma-ray observations have been car-

ried out with the CGRO instruments COMPTEL,

EGRET and OSSE, as well as with the PHEBUS

instrument on GRANAT. Two previously accepted

solar flare paradigms were drastically modified by

the gamma-ray work. Prior to the SMM observa-

tions, based on timing arguments, it was thought

that in the impulsive phase of flares only electrons

are accelerated; ion acceleration was believed to be

a delayed, second phase, phenomenon. This

paradigm has been overturned by the SMM data

which showed very prompt and impulsive gamma-

ray emission, often in temporal coincidence with

the hard X-ray time profiles. Another accepted

paradigm of solar flare research has been that a

large fraction of the released flare energy resides in

nonthermal electrons of tens of keV, with the ener-

gy content in accelerated ions constituting only a

small fraction of this energy. This result depended

on the manner in which the ion spectrum was

extrapolated from around 10 MeV/nucleon, where

the bulk of the gamma-ray production takes place,

to lower energies. Recent work on abundances,

based on SMM data, and the requirement to

account for the very strong observed 2°Ne gamma-

ray line whose production threshold is near 1

MeV/nucleon, implies an extrapolation of the ion

spectrum as an unbroken power law down to that

energy. This yields an ion energy content compar-

able to the energy content in the low-energy elec-

trons, placing ion and electron acceleration on an

equal footing: both components are impulsively

accelerated and contain approximately equal

amounts of energy.

Further gamma-ray work using SMM data has

provided important information on abundances of
both the ambient medium and the accelerated

particles. Concerning the ambient medium, the

analysis of gamma-ray lines has shown that in the

gamma ray production region the abundances of

elements with low first ionization potential (FIP) are

enhanced relative to those of elements of high FIP.

This FIP bias has been discovered previously using

accelerated particle data and atomic spectroscopy.

The nuclear spectroscopy is telling us that the bias

sets in quite deep in the solar atmosphere, proba-

bly already in the chromosphere where the bulk of

the gamma rays are produced. This result, which

was not known prior to the gamma-ray work, has

important implication on the dynamics of the solar

atmosphere.

There are also indications, based on gamma ray

lines from 7Li and 7Be produced by alpha particle

interactions with ambient He, that there are

regions in the chromosphere with enhanced He

abundance. This also impacts solar atmospheric

dynamics.

Concerning the accelerated particles, the gamma-

ray work has shown that these particles exhibit large

abundance enhancements for the heavy ions, partic-

ularly Fe, as well as enhancements of _He. The latter

is based on newly identified lines at 0.937, 1.04 and
1.08 MeV due to the interactions of accelerated 3He

nuclei with ambient O. The abundance of 3He in the

solar atmosphere is only a few times 104 relative to

4He. But based on particle observations we know

that it routinely becomes comparable to that of 4He

in the accelerated particles from impulsive flares,

most likely due to gyroresonant interactions of the

particles with plasma waves. The gamma ray

observations complement the particle data and thus

have important implications for the particle accelera-
tion mechanism.

The rising portion of solar cycle 22 (1988-1993)
was observed until 1989 with SMM. The maximum

of this cycle, however, was only studied with

non-dedicated instruments: Phebus/GRANAT;

GAMMA-l; CGRO. Nevertheless, these instruments

found exceptionally interesting results, for example,

the observation of pion decay emission and nuclear

line emission lasting for hours. This indicates that in

post-flare conditions it is possible to either trap or

accelerate over extended time periods ions of ener-

gies as high as several GeV. While long lasting flare

emissions have been known previously, this was the

first instance that such time extended emission

could be associated with GeV ions. These observa-
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tionswereonlypossiblebecauseof theverygood
sensitivitiesof thenewinstruments,inparticular
CGRO.

TheplannedHESSImission(launchin2000)
with itsGedetectorswill provideimportantnew
dataonmanyof theissuesmentionedabove,
includingdetailedabundancestudiesandforthe
firsttimetheimagingof theflarehardX-rayand
gamma-rayemissions.Solarflaregamma-rayobser-
vationswithdetectorsof evenhighersensitivitywill
allowsomeentirelynewtypesof investigations.For
example,it wouldbepossibleto observeindetail
therelativelylonglivedradioactivity(e.g.,7Beand
56Co)producedbyacceleratedparticleinteractions
inflares,therebyallowingthestudyof transport
andmixingin theaftermathof flares.Finally,the
flareobservationswillbeusedasalocallaboratory
forthetestingof thevariousproposedmodelsof
thegalacticsourcesof gamma-raylineemission.

Objectives:

• Abundance measurements of both the ambient

medium and the accelerated particle spectrum

for a larger number of solar flares.

• High-energy (> 10 MeV) measurements on a larg-

er number of flares to compare on a flare-by-flare

basis with hard X-ray and nuclear-line fluxes.

• Large duty cycle of solar observations since corre-

lated data from ground-based observatories are

critical for proper interpretation. What distin-

guishes high-efficiency gamma-ray flares?

• Identification of gamma-ray production regions.

Requirements:

• Extended spectral coverage

(- 100 keV- 100 MeV)

• Imaging at hard X-ray/gamma-ray energies

(- few arcsecond)

• Good sensitivity with large dynamic range.

• Good spectral resolution with "diagonal" energy

response.
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hecurrentsetof missionsrelatedto thegamma-rayastronomyprogramprovidea
crucialresource.Valuablecontributionswill

continueto bemadebythisgenerationof instru-
ments,settingthestagefor the instrumentsin
development.Thischapterprovidesanoverviewof
theexperimentscurrentlyoperating,orwhichwill
beoperatingin thenextthreeyears.

3.1 COMPTON GAMMA RAY
OBSERVATORY

he Compton Gamma Ray Observatory
(CGRO) was launched in April t991 with a

broad range of science objectives including

the understanding of gamma-ray bursts, studies of

black holes and neutron stars, the search for sites of

nucleosynthesis, probing the galaxy through the

interaction of cosmic rays with the interstellar medi-

um, and studying the nature of active galaxies in

gamma rays. While significant insight has already

emerged in these areas, unanticipated discoveries

have challenged our understanding of the conditions

and energy-generating mechanisms for many astro-

nomical sources as indicated in chapters 1 and 2.

Over 700 scientists from 24 countries have par-

ticipated in the CGRO Guest Investigator program.

CGRO continues to operate flawlessly and none of

the instruments, except EGRET, has life-limiting

consumables. EGRET has a limited supply of spark

chamber gas which is being conserved through

carefully selected observations and operating

modes. Through this conservation program, EGRET

expects to support targets of opportunity over the

next five years. The science contributions which are

anticipated from future CGRO observations are:

• Understanding the GRB mystery. Counterparts

may continued to be identified using the near

real-time BATSE and COMPTEL notification sys-

tem and the GRB Coordinates Network (GCN)

triggered ground observer network.

• Continue all-sky monitoring for
× 10-_

10 transients, X-ray pulsars, and
sources of e*/e annihilation

radiation.

Figure 3.1. This image shows the diffuse glow of high-energy gamma-rays detected surrounding

the center of our galaxy by CGRO/EGRET. More sensitive high energy observations are needed to

quantify and understand this emission.

• Nucleosynthesis in Type la

supernova. OSSE and COMPTEL

have the sensitivity to study

gamma-ray lines from such

supernovae to nearly 10 Mpc.

• Continued galactic plane obser-
vations with OSSE and COMP-

TEL to improve the sensitivity to
diffuse line emissions such as

6°Fe and 44Ti .
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Figure3.2. An image of the annihilation radiation detected by
CGRO/OSSE.The cloud of 511 keV emission coming from the
galactic center hassurprised observers.

• High energy emission during the next solar

maximum. CGRO may well provide the only

opportunity to observe the Sun in gamma rays

during the entire next solar maximum.

• Continued multiwavelength observations of
AGNs.

• Testing nucleosynthesis models for novae; 22Na

emission from novae within I-2 kpc may be
detectable.

3.2 INTEGRAL

he International Gamma-Ray Astrophysics
Laboratory (INTEGRAL) is an ESA mission

due for launch in 2001 that is dedicated to

fine spectroscopy (E/dE = 500) and imaging (12

arcmin FWHM) in the 15 keV to 10 MeV energy

range. The two main instruments on board are a

spectrometer (SPI) with high-spectral-resolution

germanium detectors and an imager (IBIS) that

employs high-spatial-resolution arrays of cadmium

telluride and cesium iodide detectors. Optical and

X-ray monitors complete the scientific payload. The

spectrometer has a field-of-view of 16 degrees (fully

coded), an angular resolution of 2 degrees FWHM

and a sensitivity to narrow spectral lines of -5x10 6

ph cm -2 s-1 in a 10° s observation. The imager has a

field-of-view of 9 degrees fully coded, an area of

-2600 cm 2 and a continuum sensitivity of 4x10 -7

ph cm 2 s 1 keV -_ (-1 mCrab) at 100 keV. The key

scientific objectives of the INTEGRAL include (1) the

study of explosive nucleosynthesis in Type [ super-

novae out to -15 Mpc through the detection and

measurement of s6Co lines; (2) a survey of galactic
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supernovae from the past 300 years through detec-

tion and mapping of 44Ti line emission; (3) a deter-

mination of the sites of nucleosynthesis in the

galaxy over the past million years through the

mapping of the 26AI line emission; (4) a broad-band

(5 keV - 10 MeV) study of AGNs and the spectral

characteristics of different classes such as Sy 1, Sy

2, and blazars; (5) a study of the galactic center

region and galactic plane to determine the posi-

tions, spectra and nature of the compact objects;

(6) a sensitive, multi-year survey of the galactic

plane for study of galactic transient sources such as

X-ray novae and Be transient pulsars. The INTE-

GRAL is being developed primarily by ESA and the

European member countries, but will include Russia

(Proton rocket) and the United States (tracking,

instrumentation). A science data center is located

at the Geneva Observatory in Switzerland. The

observing program will consist of a Core Program

(-30% of the time) and General Program that will

have observations chosen from an open competi-

tion of proposals submitted by the members of the

community at large. The Core Program will be

largely devoted to galactic plane scans and a deep

exposure of the central radian of our galaxy.

Figure 3.3. Thesetwo imagesfrom the GRANAT/Sigmainstrument
show the regionaround the galactic centerat two different times.
Sourcesappearand disappearin this highly active region of our
Galaxy.Long-termmonitoring of suchsourcesis an important
aspectof gamma-ray science.

3.3 COMPLEMENTARY X-RAY MISSIONS

wo recently launched X-ray missions have
instruments observing in the hard X-ray

band which provide complementary obser-

vations to those of CGRO in addressing the key

science objectives identified in sections 1 and 2.

The Rossi X-ray Timing Explorer (RXTE) was

launched by NASA in December 1995, as a mission

to study the temporal and spectral variability of

X-ray emission from a broad range of astronomical



objects.Acomplementofthreescientificinstru-
mentsobservingin the2-250keVenergybandis
addressingimportantquestionsconcerningthe
structureanddynamicsof compactX-raysources
suchasaccretingneutronstars,whitedwarfsand
blackholesinourgalaxyaswellasthemassive
blackholesthoughtto bepresentin thenucleiof
distantactivegalaxies.

Importantfeaturesof RXTEarethelarge
collectingareaof itsinstrumentswhichpermit
sub-millisecondtemporalresolutionof bright
sources,the incorporationof theAll-SkyMonitor
thatviewsapproximately70%oftheskyperorbit
forthedetectionof newtransientsources,andits
abilityto re-orientquickly(within7-24hours)for
detailedstudyof newtransients.

Thesecharacteristicshavefacilitatedseveral
majoraccomplishmentsincluding:discoveryof kilo-
hertzquasi-periodicoscillations(QPO)insome20
accretingneutronstarsystems,discoveryofa mil-
lisecondaccretingpulsar,discoveryof6 blackhole
systems,someof whichexhibitjetsandevidence
for generalrelativisticframedragging,andthe
discoverythatasoftgamma-rayrepeaterprobably
hasasuperstrongmagnetic(2x10TM G)

The RXTE spacecraft has an expected orbital life-

time extending at least through 2004 and, since it

is not constrained by consumables, may extend for

an additional five years

The primary objective of the Italian-Dutch X-ray

mission BeppoSAX is the broad band spectral char-

acterization of galactic and extragalactic X-ray

sources. Launched in April 1996, it carries a com-

plement of four co-aligned narrow field-of-view

instruments observing in the 0.1-300 keV energy

band and two wide-field cameras for the detection

of new transient sources in the 2-30 keV range.

The SAX detectors have relatively large area, good

energy resolution and approximately 1 arcmin

imaging at low energies. The wide-field cameras

provide milliCrab sensitivity for transient detection

and monitoring.

This particular combination of large field of view

and good angular resolution instrumentation on

BeppoSAX has facilitated the key observations

proving the gamma-ray-burst distance scale to be

cosmological. This has been done by providing

accurate localization of - a dozen GRB X-ray coun-

terparts thereby allowing identification of optical

afterglow counterparts.

Despite suffering the loss of two ACS gyros,

BeppoSAX has been able to maintain functionality

and is expected to have a mission life extending at

least through the year 2001.

3.4 GAMMA-RAY BURST INSTRUMENTS

B eppoSAX observes ~8 bursts/year in its Wide
Field Camera, with location accuracies

better than 10'. When the burst position is

observed with the Narrow Field Instruments by

slewing the spacecraft, fading X-ray counterparts
can often be identified and localized to < 1'. The

time required to acquire and analyze the data is

-hours. The mission has been approved through

2001.

The Global Coordinates Network (GCN) distrib-

utes -300 GRB positions/year with delays of the

order of seconds, determined directly onboard the

CGRO spacecraft by BATSE. The error circle radii

are -4 °. The "Locburst" procedure, based on rapid

ground- based processing of the more intense

BATSE bursts, results in -100 bursts/year with error

circle radii as small as 1.6 °. The CGRO mission has

been approved by the Senior Review through
2002.

The 3rd Interplanetary Network (IPN) consists of

Ulysses and the Near Earth Asteroid Rendezvous in

deep space, as well as numerous near-earth mis-

sions such as CGRO, RXTE, WIND, and BeppoSAX.

Mars Surveyor Orbiter will join the network in

2001. The IPN observes and localizes -70

GRBs/year to arcminute accuracies. The time to

process and distribute the positions is -1 day. The

IPN will operate through 2001 and possibly until

2004, if the Ulysses mission is extended.

The Rossi X-Ray Timing Explorer All Sky Monitor

(RXTE ASM) detects -3 bursts/year and determines

their positions to arcminute accuracy in minutes.

In addition, the RXTE Proportional Counter Array is

used -once/month to scan BATSE Locburst posi-

tions for fading X-ray sources. When successful,

the counterpart position can be determined to

-10' within hours. RXTE has been approved

through 2002.
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Figure 3.4. Rapid localization of GRB positions continue to allow searches for counterparts. This BeppoSax

observation of GRB 971214 is an example of the benefits of the current set of Burst detectors.

Several automated camera systems are now

operational, which slew to the position of a burst

and image it within -10 s of the burst onset. LOTIS

(Livermore Optical Transient Imaging Survey),

ROTSE (Robotic Optical Transient Search

Experiment), and TAROT (Rapid Action Telescope

for Transient Objects) are three examples. In partic-

ular, ROTSE has succeeded in detecting the optical

emission from a gamma-ray burst in progress,

990123, which reached m-9.

The High Energy Transient Explorer II (HETE-II)

combines a Wide Field X-ray Monitor and a Soft

X-Ray Camera to localize -50 GRBs per year to

accuracies of 10" to 5', and transmit them to the

ground in near-real-time. HETE-II will be launched

into an equatorial orbit by a Pegasus from

Kwajalein Island around the end of 1999, with a

nominal 2 year mission.

The Cooperative Astrophysics and Technology

Satellite (CATSAT) will contain a soft X-ray spec-

trometer to measure the 0.5-20 keV spectra of

~12 GRBs/y with unprecedented energy resolution.

Although CATSAT has only modest localization

capability, these spectral measurements will con-

strain the hydrogen column density towards the

sources, and help to answer the question of the

locations of burst sources with respect to their host

galaxies. CATSAT is planned for launch in 2000,

with a nominal one year mission.

INTEGRAL, the International Gamma-Ray

Laboratory, can detect bursts with its Ge spectrom-

eter array, with its IBIS imager, and in its anticoin-

cidence shield. Locations for -20 GRBs/yr can be

localized to arcminute accuracy and the positions

distributed to observers in

< 100 s. INTEGRAL will also

be part of the 3rd IPN when

it launches in April 2001.

The nominal mission life-

time is 2 years.

SWIFT, a dedicated

MIDEX mission, has been

approved for a 6 month

study phase. If selected for

flight, it will revolutionize

GRB studies by localizing

-300 GRBs/y to arcsecond

accuracies, measure their

optical spectra, and transmit all data to the ground

with delays of seconds to minutes. A nominal 3

year lifetime starting in 2003 is planned.

3.5 HESSI

he High Energy Solar Spectroscopic Imager(HESSI) is a NASA Small Explorer scheduled

for launch in July 2000 to observe solar

flares through the peak of solar cycle 23. It will

explore the causes and characteristics of particle

acceleration in flares via the X-ray and gamma-ray

emission caused by high-energy electrons

(bremsstrahlung) and protons or nuclei (gamma-

rays from nuclear excitation).

Figure 3.5. A view of the HESSI spacecraft. HESSI will provide high
resolution spectroscopy and imaging of Solar flares.
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HESSIwillachievespectralresolutionof 0.5to a
fewkeVovermorethanthreeordersof magnitude
inenergy(3 keVto 15MeV)withasinglesetof 9
cooledcoaxialgermaniumdetectors.Eachdetector
willsitbelowapairof gridswitha uniquespacing,
whichwillmodulatethesignalfromaflareasthe
wholespacecraftrotates,producingimageswith
2 arcsecresolution.

HESSIwill resolvetheshapesof everyknown
solargamma-raylineexcepttheverynarrow2.2
MeVneutron-captureline,forwhichitshighreso-
lutionwill providehighsensitivity.Sincethisline
tracesprotonacceleration,HESSIobservationswill
determinethepartitionofflareenergybetween
electronsandprotonsoverawiderangeofflare
fluences.Theshapesof nuclearde-excitationlines
willprobetheangulardistributionof accelerated
ions,andthewidthof the511keVpositron-annihi-
lationlinewill revealthetemperature(andthere-
fore location)of theannihilatingmedium.Ratios
betweenlinesfromdifferentelementswillconstrain
compositionsin theacceleratedandambientpop-
ulationsandalsoconstrainthespectrumof the
acceleratedprotons(dueto differentthresholdsfor
differentexcitations).HESSI'sabilityto imageat
gamma-rayenergieswill providethefirstlookat
the locationandsizeof theregionswhereflare
protonsandsecondaryneutronsstop.

Inadditionto gamma-rayobservations,HESSI
will producerapidimagesandspectraof hard
X-raysdueto bremsstrahlungfromaccelerated
electrons,providinginformationon theirbirth-
place,motion,andenergyloss.SinceHESSIis
unshielded,it willalsoperformextra-solarobser-
vations,suchasthelineshapesof theGalactic1809
keVand511keVlines,spectroscopyofgamma-ray
bursts,andpulse-phasedspectroscopyof pulsars.
Itwill imagetheCrabnebulawhenit entersthe
solarfieldofviewonceayear.

3.6 AGILE

GILE(Astro-rivelatoreGammaa ImmaginiLEggero,LightAstroGammaImaging
Detector)isahigh-energygamma-ray

missionproposedto theItalianSpaceAgency(ASI)
Programfor SmallScientificMissions.TheMission
completeda PhaseA studyinDecember1998.
It hasbeenselectedforflight,althoughthefinal
fundingdecisionhasnotbeenmadeatthiswriting.

Figure 3.6. Schematicviewof the AGILEtelescope. Thispair
production telescopeusesa siliconstrip trackerwith a plastic
scintillator anticoincidencedetectorand a thin Csl calorimeter.

AGILE is conceived as a bridge between EGRET

and GLAST, covering the energy range above 30

MeV. AGILE has about half the on-axis sensitivity of

EGRET but a field of view more than 3 times larger.

It will be a valuable tool for studies of bright AGN,

GRB, and other gamma-ray transients, where the

wide field of view will enable detection of flaring

sources that can be coordinated with observations

at other wavelengths. AGILE will help optimize the

science return from GLAST by identifying those

sources that require the much higher sensitivity

and broader energy range of GLAST

3.7 TEV TELESCOPES

t energies above 100 GeV, observations
are conducted with ground-based

gamma-ray telescopes. By observing the

Cherenkov light from air showers produced by

gamma rays interacting in the upper atmosphere, it

is possible to detect discrete sources of gamma rays

with great sensitivity. The detectors are simple,

inexpensive and well-understood. There are now at

least five well-established TeV gamma-ray sources

(three of them pulsar/plerions and two of them

AGNs). The technique is also sensitive for time-

variation (burst and pulsar) searches. In the past

decade ground-based gamma-ray astronomy has

become a viable discipline and an important

complement to observations from orbiting gamma-

ray telescopes. The Atmospheric Cherenkov

Recommended Priorities for NASA's Gamma-Ray Astronomy Program 2.5



Vela 1993 - 1995

P_

b

P,

a

08 h40 m 38m 36m 34 m 32 m 30m

Right Ascension (J2000)

Figure 3.7. This detection of the Vela supernova remnant by the

CANGARO0 instrument, the third TeV detection of a supernova

remnant, shows the continued development of ground-based

gamma-ray astronomy. These high-energy instruments are an

important complement to their space-based counterparts.

Imaging Technique (ACIT) is the most effective

method of detecting sources of gamma rays with

energy > 200 GeV. It was developed at the

Smithsonian's Whipple Observatory by a collabora-

tion of U.S., Irish, and British institutions. The ACIT

has now been adopted by most of the ground-

based gamma-ray observatories overseas. The

Whipple telescope is a 10m optical reflector with a

109 pixel camera. The flux sensitivity (5 sigma

level) at an energy threshold of 300 GeV is 8x10 _2

photons cm 2 s-_ for an exposure time of 50 hours.

There are more than ten "second-generation"

ground-based gamma-ray observatories in opera-
tion or under construction. There is one collabora-

tion active in the United States and there are major

groups in Germany, France, the U.K., the former

U.S.S.R., India, Japan, South Africa, and Australia. In

addition, the Milagro instrument is coming on-line.

It is an underwater Cherenkov telescope that has

the distinct feature of a large field-of-view in the

TeV range. Ground-based telescopes improve con-

tinuously in small increments; there is no technical

barrier to further increases in both flux sensitivity

and reduced energy threshold. In principle, a

telescope (e.g. MAGIC) can be built with an energy

threshold as low as 10 GeV.
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3.8 ULTRA LONG DURATION BALLOON

PROGRAM FOR HIGH-ENERGY

ASTROPHYSICS

Since the 1960's numerous U.S. and foreign

X-ray and gamma-ray astronomy groups have con-

ducted balloon-borne astronomy experiments to

study celestial sources as well as to verify satellite

instrument concepts. The latter use of balloons has

been particularly important in the proof-of-concept
for the CGRO instruments. Balloon instruments

have also produced many scientific results. For

example, the pulsating X-ray binary source GX 1+4

and the 511 keV annihilation line, both in the

galactic center region, were discovered on balloon

flights conducted in the Southern Hemisphere.

Experiments such as these helped pave the way

for current satellite missions like BeppoSAX and

CGRO. With a reduced number of satellite opportu-

nities and the emphasis on reducing the size and

cost of these missions, reliance on a strong balloon

program becomes even more important. For exam-

ple, gamma-ray instruments tend to be relatively

heavy to attain a high efficiency to image weak

sources. Consequently, unless the satellite version

of the experiment can be conducted on a MIDEX

or smaller mission, some vital X-ray or gamma-ray

observations may never be conducted from satel-
lites because of the mass constraint. There are

numerous astrophysics experiments that can be

inexpensively and quickly carried out on heavy lift

balloons. Experience with operations in the

Southern Hemisphere with long-duration balloon

flights of two- to four-week duration clearly

demonstrates the capabilities of the balloon plat-

form for long flights. High-energy astrophysics

would benefit greatly from further development of

Southern Hemisphere long duration flight balloon

operations and extension of this capability to the

Northern Hemisphere.

The development of an Ultra-Long Duration

(100d) Balloon program has been initiated as the

Olympus Program. This would build on the long

duration (LDB) program (10-14d) and allow

gamma-ray science and missions with capabilities

comparable to MIDEX-class missions. For example,

a hard X-ray imaging sky survey at the -1 mCrab

level could be conducted in two such flights

(northern and southern) and enable relatively long

continuous exposures on individual sources at
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Figure 3.8. Thepromiseof long-durationballoon flights is shown
in this plot of the sensitivityof the InFocushard X-ray imaging
instrument. Aswith many other proposedexperiments,balloons
provide an inexpensivemethod for instrumentdevelopmentand
scientificreturn•

relatively low and constant backgrounds. The

GRAPWG urges that NASA continue the develop-

ment of both LDB and ULDB flight capabilities with

expanded support for payload development in both

the UNEX and SMEX programs. Alternatively, a sep-

arate LDB/ULDB mission line should be established

under the Explorer Program. International agree-

ments for over-flight (particularly in the northern

hemisphere) must be pursued immediately.

Over-flight concerns would be made less difficult if

NASA also increased its implementation of balloon

flight control and flight termination/landing sys-

tems (e.g. parasails) which are now relatively devel-

oped (e.g. for DoD) but have not been incorporat-

ed in scientific ballooning. The balloon program,

and particularly the ULDB program, will enable:

• rapid, relatively low-cost, development of large

missions for cutting-edge science and space

qualification for possible future orbital missions

(e.g. ISS)

• continuation of development of instruments, and

researchers (graduate students, postdocs, etc.) for
the future missions in HEA

3.9 THEORY

s the sensitivity and resolution of NASA's
astronomy missions improve, so too must

the realism of the theory used to interpret

the results and give them meaning. Progress in

theory accompanies the progress in experiment.

One cannot lead the other for long. Theory is both

interpretive and predictive. On the one hand, for

data that are relatively well understood, theory

builds models to extract the greatest amount of

information possible from them. From these

models emerge new predictions that can be tested

and improved until the phenomenon can be satis-

factorily understood. On the other hand, measure-

ments may uncover surprises that generate great

controversy and, if properly understood, offer

potential for scientific advancement. It is such

phenomena that pose the greatest challenge to

theory and require it the most. Many examples of

each category could be given. We present just two:

nucleosynthesis gamma-ray lines and gamma-ray

bursts.

It is widely accepted that the elements heavier

than helium are made in stars with supernovae

playing a major role. It is also well documented by

measurement and understood in theory that the

short time scales and high temperatures of super-
novae lead to the creation of short and intermedi-

ate lived radioactive isotopes. The species 26AI, 44Ti,

56Co, and sTCo have been detected and studied.

The role of theory is to obtain quantitative agree-

ment between physical models and the line mea-

surements in terms of flux, line shapes, and angular
distributions. This then leads to constraints on

models of stellar evolution and supernovae and a

better understanding of their nature, improved

accuracy in our models for galactic chemical evolu-

tion, and a better depiction of massive star forma-

tion in our galaxy. Based upon these improved

models, theory makes predictions that can be

confirmed by subsequent measurements, e.g.,

a detectable signal from 6°Fe.
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Gamma-ray bursts represent science of a differ-

ent sort. Although the puzzle has made good head-

lines for a decade or two, ultimately the goal of

science is understanding. Here the theorist is much

less constrained, but also highly challenged by an

unexpected and poorly understood phenomenon.

Quick, qualitative speculations are useful for a time,

but ultimately progress requires that speculation be

backed up by detailed physical analysis and simula-

tions. Frequently these simulations lead to the

death of the model, but that too is progress.

Eventually a model, or set of models, will be found

that explains what is observed and makes predic-

tions that can be confirmed. Meanwhile theory

guides observations in defining the sensitivity of

future missions required to see bursts from the halo

from Andromeda, for example, or whether X-ray

absorption lines should be visible in the spectra of

cosmological gamma-ray bursts. Three dimensional

general relativistic calculations of neutron star

merger can show whether or not relativistic beams

can emerge. Calculations of planetesimal accretion

on neutron stars in the halo reveal that tidal disrup-

tion will likely prevent the intact arrival of an object

at the neutron star. Some models predict a large

number of hard X-ray bursts for every gamma-ray

burst; others predict that enduring hard GeV emis-

sion should be a common characteristic, etc. All

these predictions can and must be refined and

eventually tested.

New observations will drive theory as they

always do. It is important however that NASA

continue to provide support to theory particularly

during these times of constrained budgets. For a

comparatively modest investment, NASA ensures

the existence of a cadre of trained specialists inter-

ested in making the most of the valuable data.

Without the activities of these people, the value of

the data is greatly diminished.
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A particularly exciting set of new missions
in the time frame beyond the next three

years are planned in gamma-ray astro-

nomy. In this chapter, we describe those missions

in the current Strategic Plan (GLAST, Constellation-X

HXT) as well as the follow-on missions which will

capitalize on their successes.

4.1 MISSIONS IN THE 1998 OSS

STRATEGIC PLAN

4.1.1 GLAST

GRET has provided important discoveries of

gamma-ray emission from a diverse popula-

tion of astrophysical sources. However, our

understanding of the gamma-ray emission mecha-

nisms operating in these sources is limited by cur-

rent instrumental capabilities. A future high-energy

gamma-ray mission should provide an imaging,

wide field-of-view telescope that covers the energy

range from approximately 20 MeV to more than

100 GeV. In this energy range, gamma rays are

identified by recording the characteristic track

signature "of the electron-positron pair that results

from pair conversion in the presence of a nucleus.

The telescope consists of interleaved thin convert-

ers (metal foils) and position sensitive charged par-

ticle detectors followed by a calorimeter for energy

measurement. Finally, the telescope requires a very

efficient anticoincidence system for rejecting the

much higher flux of background particles and an

on-board trigger and data acquisition system.

Modern particle tracking detectors (silicon

microstrip or scintillating fiber detectors for exam-

ple), sophisticated on-board processing, and higher

telemetry rates will allow the required major

advance in observational capability over EGRET
within the constraints of an intermediate class

astrophysics mission. The mission to accomplish

this is the Gamma-Ray Large Area Space Telescope

(GLAST-- http://glast.gsfc.nasa.gov/).

For the baseline mission parameters given in

Table 4.1, a factor of 30 improvement in flux sensi-

tivity and a factor of 10 improvement in point

source location capability will be obtained.

Determination of the spectra of the sources over a

broad energy range will also be possible. A wide

field-of-view telescope will allow the detection of

many more transient sources such as AGN flares

and high-energy gamma-ray bursts.

The principal scientific objectives for the mission

include:

• Active Galactic Nuclei. Determine the mechanisms

of AGN jet formation, particle acceleration, and

radiation by studying gamma-ray emission from

all known blazars (and possibly other AGN

classes) and correlating these observations with

those at other wavelengths. Rolloffs in AGN

spectra above 1 GeV may be caused by pair pro-

duction against the intergalactic photon field and

may be used to study the extragalactic back-

ground light as a function of redshift.

• Unidentified Gamma-ray Sources. Determine the

type of object(s) and the mechanisms for

gamma-ray emission from the unidentified EGRET

gamma-ray sources by precisely measuring their

positions, spectra, and variability. For many of

these sources, direct periodicity searches for

gamma-ray pulsars will be possible.
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• Isotropic Background Radiation. Determine if the

high-energy background is resolvable into point

sources or if there is a truly diffuse component,

by deeply surveying high-latitude fields.

• Gamma-Ray Bursts. Provide constraints on physi-

cal mechanisms for gamma-ray bursts by detect-

ing high-energy radiation from about 200 bursts

per year and studying the GeV : keV-MeV emis-

sion ratio as a function of time; image burst posi-

tions to a few arcminutes or better, allowing deep

"real-time" multiwavelength observations.

Figure 4.1 This simulation of the GLAST view of the onticenter

shows the spectacular detail the improved GLAST sensitivity will

provide.

• Endpoints of Stellar Evolution (Supernovae, Neutron

Stars, and Black Holes). Provide direct evidence of

proton cosmic-ray acceleration in supernova rem-

nants by gamma-ray mapping and energy spec-

tral measurements; distinguish between models

for high-energy gamma-ray emission from pulsars

by measuring detailed phase-resolved spectra.

Determine whether or not galactic superluminal

jet sources emit significant high-energy gamma

radiation.

• Molecular Clouds, Normal Galaxies and Clusters.

Probe the cosmic-ray distributions in dense mole-

cular clouds and in nearby galaxies (LMC, SMC,

M31) by gamma-ray mapping and measuring the

spectra of diffuse emission from these objects;

search for extended emission from possible cold

dark matter clouds in the galaxy and from galaxy

clusters as a signature of unusual concentrations

of unseen gas or cosmic rays.

TABLE 4.1. CHARACTERISTICSOF THE GLAST MISSION

QUANTITY GLAST REQUIREMENT

Energy Range 20 MeV-300 GeV

Energy Resolution 1 10% (100 MeV-10 GeV)

Effective Area 2 8000 cm 2

Single Photon Angular <3.5 ° (@100 MeV)

Resolution - 68% 3 <0.15 ° (E>I 0 GeV)

(on-axis)

Field of View 4 2 sr

Source Location s,7 1-5 arcmin

Determination

Point Source 4 x 10 .9 cm -2 s-1

Sensitivity 6,7(>100 MeV)

Mission Life 5 years, with no more

than 20% degradation

Telemetry Downlink-- 300 kbps

Orbit Average 1 kbps near-realtime

Telemetry Uplink 4 kbps

Pointing Accuracy 2 ° accuracy

30 arcsec knowledge

Observing Modes Rocking zenith pointing
Pointed mode

1 Equivalent Gaussian sigma, on-axis.

2 Peak effective area, including inefficiencies necessary to achieve

required background rejection.

3 Space angle for 68% and 95% containment.

4 Integral of effective area over solid angle divided by peak

effective area. Geometric factor is Field of View times Effective

Area.

5 Range: bright sources to sources of 10 .8 ph cm • s _ flux

at >100 MeV_

6 Sensitivity at high latitudes after a 2-year survey.

7 Derived quantities delimited by double-lined box

4.1.2 CONSTELLATION X

The Constellation X mission is a high

throughput, broad-band X-ray facility emphasizing

spectroscopic observations of a wide variety of

astrophysical sources, ranging from stars to galaxy

clusters. The primary science goals emphasize

spectroscopy in the soft X-ray band (0.1-7 keV),

which is rich in absorption and emission features

from nearly all charge states of all cosmically abun-

dant metals. However, unambiguous interpretation

of the atomic features often requires measurements

at hard X-ray energies (10-40 keV) to characterize

any accompanying non-thermal continuum (i.e. in
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supernovaremnants,AGNandstellarflares).For
thisreason,Constellation-Xwill includethefocus-
ingHardX-rayTelescope(HXT),basedonWolter-I
or conicalapproximationoptics,to extendsensitive
continuumobservationsabove10keV(see
http://constellation.gsfc.nasa.gov).Independent
of thegoalsemphasizedfor thesoftX-rayspec-
troscopytelescopes,compellingmotivationforthe
HXTisprovidedbothbytheexistenceof sources
whoseenergyoutputpeaksin thisrange,andby
astrophysicalprocesseswhichareuniquelyobserv-
ablethere.HXTobservationsthereforeuniquely
addressanumberof scientificinvestigationsidenti-
fiedaspriorityobjectivesof theGRAPWG.Below
we illustrateafewofthemanyexamples:

ScientificObjectivesUniqueto the HXT

• Heavily Absorbed AGN and the X-ray Background.

The energy density of the X-ray background

peaks at -30 keV; less than 15% of this total

energy density can be accounted for by the

ROSAT AGN population. If AGN comprise the

XRB, then most must have huge absorbing

columns (NH -1 022-1 02s cm-2). Surveys by XMM,

ABRIXAS, and AXAF, limited to energies less than

-10 keV, will only probe absorbing columns up to

a few times 1023 crn- 2. With its much higher sensi-

tivity, the Constellation-X HXT can survey IR-select-

ed AGN, probing faint and high-redshift AGN

populations thus far inaccessible in the X-ray

band. The data will also provide a probe of the

geometry of the absorbing material.

• Non-Thermal Emission from Galaxy Clusters. The

HXT will enable us to measure the inverse

Compton scattering radiation predicted in

clusters of galaxies. Combined with radio mea-

surements, the hard X-ray observations will yield

a lower limit on the intracluster magnetic fields

independent of equipartition or equal energy

hypotheses. Detection of the nonthermal emis-

sion in clusters has significant impact on the

underlying cosmological models through the

estimation of the cosmological parameter _. It

also affects cooling flow arguments, since the

presence of the magnetic field can suppress the

conduction of the cooling gas. Many clusters are

believed to have formed through merger events

as predicted in hierarchical large-scale structure

models. As a result, due to the collision of sub-

clumps and merging effects, shocks of very high

temperature can be produced in the ICM. The

hard X-ray observations will also shed light on the
nature of clusters that show evidence of extreme-

ly high temperatures.

The Seyfert II Galaxy NGC 4945
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Figure 4.2. This plot of the spectrum of NGC 4945 as compared to

the Constellation-X HXT sensitivity shows the value of extending the

spectral coverage of such objects to hard X-rays.

• Hard X-ray Source Populations in the Local Group.

Compact stellar remnants such as accreting X-ray

pulsars and LMXBs (with hard Comptonized tails)

have energy output peaking (in v f,,) above 10
keV. These sources both inform us about the end-

points of stellar evolution in binaries and sample

stellar populations as a function of Hubble type of

the host galaxy. With high sensitivity and hard

bandpass, the HXT can probe these highly

absorbed and hard stellar populations throughout

the Local Group.

• Shock Acceleration in Young Supernova Remnants. In

addition to the soft thermal X-radiation produced

in the shocked ejecta, the spectra of young super-

nova remnants like Cas A and Tycho exhibit hard

X-ray 'tails' extending to -50 keV. This high ener-

gy emission may be due to diffusive shock acceler-

ation of particles at the shock front. The diffusive

acceleration theory provides an unambiguous

determination of the magnetic field distribution at

the SNR shock, from spatially-resolved radio and
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hardX-raymaps.Thebroadbandpassand
superiorsensitivityallowtheHXTto mapthis
non-thermalemission.

4.2 MEDIUM RANGE NEW MISSIONS

4.2.1 HIGH-REsOLUTION SPECTROSCOPICIMAGER(HSI)

s described in Section 2.1, gamma rays
emitted by the radioactive decay of mater-

._ ial synthesized in SNe provide one of the

few direct observational tools available for probing

the physics of the explosion itself, the compact

object formation, as well as the production and

dispersion of heavy elements. While detection of

44Ti in two young SNR, and the measurement of

radioactive decay lightcurves of Cobalt in SN 1987A

have given hints of the potential diagnostic power

of such observations, detections to-date have been
limited to a small number of sources. In addition

with few exceptions, spectral resolution has been

insufficient to measure Doppler shifts and line

widths, and spatial resolution too coarse to map

the distribution of the emission in typical remnants.

For example, Cas A, one of the two remnants

detected in 44Ti to-date, is -5arcmin in diameter,

and requires sub-arcminute imaging capability to

discern features at interesting levels.

Figure 4.3. Experimentsextendingthe energyrange of focusing
telescopesto as much as 170 keV,representedby this drawing of
the HSImission,canaddressmany nuclearastrophysicsobjectives.

The recent laboratory demonstration of hard

X-ray focusing optics, and the possibility of extend-

ing these techniques to higher energy, into a

region containing several key gamma-ray lines

(44Ti (68,78 keV), STCo (122 keV), S6Ni (1 58 keV)),

provides compelling motivation for planning a

dedicated focusing mission with sensitivity up to E

>1 70 keV. With moderate extensions of existing

multilayer optics and Germanium detector tech-

nologies, a focusing telescope with collecting area

>500 cm 2 (1-1 70 keV), 10" spatial resolution, and

700 km/s (68/78 keV) (450 km/s) (158 keV) spec-
tral resolution is achievable on an intermediate

size mission with a new start compatible with the

2006-2008 timeframe. The signal-limited, high

spatial and spectral resolution afforded by this

mission could address, in addition to many other

diverse goals, several of the top nuclear astro-

physics objectives identified in Section 2. We briefly

describe the scientific goals of this mission below:

NUCLEOSYNTHESISAND DYNAMICSIN TYPEII SNE.

Detailed mapping of the radioactive decay from

a4Ti in young SNRs provides a sensitive probe of

several important parameters in Type II and Type

1b SNe. Because 44Ti is synthesized near the mass

cut, its production and ejection are very sensitive to

the explosion mechanism and the ejecta dynamics.

The 44Ti spatial distribution can also be used to

reveal global asymmetries present in the initial SN

event. Besides revealing the global asymmetries,

the clumpiness and velocity profiles of the 44Ti

Figure 4.4. Simulated I O0ksecmap of the CasA SNRin 44Ti
emission(68/78 keV). Themodel assumesan axisymmetfic,
clumpyexplosionwhich is clearlyspatially resolved.Thevelocity
distributionsof individual knots (hereassumedto be 3000 km/s
(blue), -5000 km/s (orange), and -2000 km/s (yellow)) canalso
beclearlydetermined.
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wouldprovidevaluableinformationonejectamix-
ing.Thisinformationisuniqueto theradioactive
decaymeasurements:overallCaandTielemental
abundancesmeasuredin theopticalandinfrared
aredominatedby4°Caand44Tiproductionin
regionsoutsidethemasscut.Figure4.4showsthe
detailedmappingoftheCasA remnantthatcould
becarriedout in a100-ksecobservationwitha
focusingsystem.

EXPLOSION MECHANISM AND DYNAMICS IN TYPE IA SNE.

As described in Section 2, direct observation of

the S6Ni decay emission (the center of the nuclear

abundance peak of degenerate nuclear burning) is

a key diagnostic for understanding the SN Type ]a

mechanism. Outside of the degenerate conditions

of the WD, S6Ni is unstable and decays to S6Co with

a mean lifetime of 8.8 days, producing dominant

emission lines at 158 keY (I 00%) and 812 keV

(86%). The daughter nuclei then decay to S°Fe with

a mean lifetime of 111.3 days, producing the well

known emission lines at 847 keV (100%) and 1238

keY (68%). The S6Ni , S6Co + S°Fe decay chain

powers the SN light curve during the first few
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Figure 4.5. S6Ni 158 keV emission lineflux evolutionfor several

Type ! SNe models. Fluxes are presented for the first 100 days after
the explosion for a source at 16 Mpc (Virgo Cluster). The

instrumental sensitivity (5 sigma) is shown for 80, 300, and 1000

ksec observations (short dash lines). Fluxes are adapted from

Chan and Lingenfelter (1991).

hundred days of the event. As illustrated in Figure

4.5, the time-dependence of the S6Ni (158 keV)

emission is extremely sensitive to the explosion

model, as are the line centroids and widths. A

focusing experiment is capable of making detailed

lightcurves of these lines out to D > 1 6 Mpc, even

for the weakest case (assuming no mixing).

TABLE 4.2. CHARACTERISTICS OF THE

HSI MISSION

Effective Area 700 cm 2 (68 keV)

400 cm 2 (156 keV)

Angular resolution 10"

Energy range 2-1 70 keV

Spectral resolution

(E/DeltaE) 160 @ 158 keY

Line sensitivity (106 s) 44Ti 6.5 × 10 .8

ph/cm2/s (5 sigma)
156Ni 8 × 10 .8

ph/cm2/s (5 sigma)

Continuum sensitivity (106 s) 3 x 10 8 ph/cm2/s/keV

(@50 keV, E/DeltaE =

0.5, 5 sigma)

Optics Graded multilayer
Wolter

Detectors Ge pixel

Focal length 6-8 m

# modules 14

TOTAL S/C mass 1000 kg

Power 200 Watts

Launch Delta II (7320)

AGN.

A high-energy focusing mission would provide

sensitive studies of AGN, obtaining for the first time

high-quality hard X-ray/soft gamma-ray spectra for

a significant number of quasars and Seyfert galax-

ies. Observations in the energy band from 20-1 70

keV provide a measure of the intrinsic luminosity of

the central source and address many basic ques-

tions, including the relationship among the various

classes of AGN, in particular Seyfert Is, IIs, and

quasars (QSOs).
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ICM IN CLUSTERS.

AS described in Section 3.3.2, hard X-ray obser-

vations can provide a direct measurement of the

magnetic field strength in galaxy clusters. Because

thermal emission will dominate in many cases at E

< 60-70 keV, extending sensitivity to energies high-

er than planned for Constellation-X is crucial. The

excellent flux sensitivity and good angular resolu-

tion make focusing telescopes ideal for this impor-

tant measurement.

POPULATIONSTUDIESIN THELOCALGROUP.

Studying the compact stellar remnants, such as

weakly magnetic (B < 109 G) neutron stars in low-

mass binaries, and black hole candidates with both

high and low-mass companions outside of our own

Galaxy at hard X-ray energies is another goal possi-

ble only with a focusing instrument. Such studies

would both inform us about the endpoints of stellar

evolution in binaries and sample stellar populations

as a function of the Hubble type of the host galaxy.

4.2.2 ENERGETIC X-RAY IMAGING SURVEY

TELESCOPE(EXIST)

The hard X-ray sky, defined broadly as from

10 keV-600 keV, is both relatively poorly explored

and yet rich in promise. This is the energy range

where fundamental transitions from primarily

thermal to primarily non-thermal sources and

phenomena are expected, and where compact

objects are usually most variable. Thus over the

next decade, the scientific case is compelling for
one or more missions in this broad band. Here we

briefly outline the case for first a broad-band sky

survey mission followed by a focussing mission

(section 4.2.1) for detailed study of individual

sources over a more limited energy range.

Only one truly all-sky survey has been conducted

in the hard X-ray band: the pioneering HEAO-A4

survey which yielded a catalogue of some 80

sources down to flux levels of typically 50 mCrab in

the 1 3-180 keV band. Meanwhile, the soft X-ray

sky has now been explored fully to flux levels a

factor of ~103 times fainter with ROSAT but only up

to energies of 2.5 keV. The German ABRIXAS mis-

sion (launched April 28, 1999) was planned to

extend the soft X-ray sky survey up to ~10keV with

-0.1 mCrab sensitivity and -3arcmin resolution but

with limited temporal coverage and essentially no

monitoring capability. Although a spacecraft power

failure aborted the mission after launch, it is likely

(and highly desirable0 that Germany will re-fly an

ABRIXAS2 by c. 2003. At energies above -600 keV,

the sky has been imaged with COMPTEL and

EGRET. The need is therefore acute for a sensitive

hard X-ray (-10-600 keV) all sky imaging survey to

close the gap and achieve sensitivities comparable

to ABRIXAS (i.e. 0.1 mCrab or below).

Energetic X-ray Imaging Survey Telescope (EXIST) on ISS

Conceptual Layout of EXIST On ISS _ntegrated Truss As_

Figure 4,6. The EXIST telescope assembly would mount to one of

the Payload Attach System points on the $3 segment of the truss.

An all-sky hard X-ray (HX) survey mission at high

sensitivity must be imaging to avoid the source

confusion problems that have plagued the collimat-

ed HX detectors on HEAO, and OSSE. Angular res-

olution of at least 15 arcmin is needed, particularly

in the galactic plane (where SIGMA discovered the

black hole candidate GRS1 758-25 only 40arcmin

from the bright soft X-ray binary GX5 -_) but also at

high latitudes (where SIGMA discovered the HX

source GRS1227+025, possibly identified with a

z = 0.57 QSO, and only 20arcmin from 3C273.)

The desired HX survey sensitivity (-0.05mCrab),
and current estimates of AGN number counts at

5-10 keV from BeppoSAX (section 2.3.1) suggest

a detection density of -0.25/square degree (or

-10,000 all-sky). Thus a reasonable confusion
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limit (resolution at -¼0 expected source density)

suggests -Sarcmin as the needed deep HX survey

resolution, with source locations correspondingly

finer (e.g. <I arcmin for >5sigma detections).

An imaging deep all-sky HX survey should also

provide unprecedented sensitivity and temporal

coverage for time variablility studies since the HX

sky is so inherently time variable. With only

-100mCrab sensitivity, BATSE has demonstrated

the power of broad temporal coverage for both

transients and pulsar studies. The HX survey should

therefore have all-sky coverage each orbit and

would then greatly extend (but not be replaced by)

X-ray (2-I0 keY) all sky monitors (e.g. MAXI,

planned for the JEM on ISS) which will be less sen-

sitive to outbursts of obscured AGN (e.g. Seylls)

and Blazars as well as heavily obscured galactic

transients.

The Energetic X-ray Imaging Survey Telescope

(EXIST) was selected as a New Mission Concept

(NMC) by NASA in 1994 and has been studied as

have several other HX survey telescope concepts

proposed for MIDEX missions. The deep HX survey

mission requirements for sensitivity (to match

ABRIXAS), energy range and temporal coverage

can be met with a very large area array of coded

aperture telescopes which would almost certainly

exceed the MIDEX envelope but could make very

effective use of the International Space Station

(ISS). A generalized EXIST mission concept for ISS

is shown in Figure 4.6 and would yield survey

sensitivities shown in Figure 4.7.
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Figure4.7. Thehard X-ray sensitivityfor the EXISTconceptasan
instrument on the International SpaceStation.

The key Scientific Objectives for such a deep HX

survey mission would include:

• Obscured AGN and Diffuse Hard X-ray Background:

The recent exciting discoveries of obscured AGN

made by BeppoSAX and ASCA (cf. section 2.3

and fig. 2.9) point to the need for an unbiased

HX survey to map the entire sky. The narrow-field

instruments, and follow-on focusing HX tele-

scopes, will observe limited samples but not

select the most extreme (obscured) ones which

require the widest field coverage at any limiting

survey sensitivity. A complete HX-selected sample

will not only allow their contribution to the cos-

mic diffuse background radiation (fig. 2.10) to be

measured, but will also constrain the accretion

history of the universe as measured by the com-

plete sample of accretion luminosities it would

detect, This more complete census of BH lumi-

nosities may have far-reaching implications for

galaxy formation.

• Blazars and the Diffuse IR Background: Since the

HX Blazars have their synchrotron emission peaks

in the HX band, monitoring and measuring their

break energies in coincidence with the wide-field

capabilities of GLAST and followup studies with

ground-based TeV telescopes (e.g. VERITAS) can

constrain the intrinsic GeV/TeV spectral shape

and thus the cosmic diffuse IR background from

measured spectral breaks in their gamma-ray

inverse Compton components.

• Studies of Black Holes on All Scales: A deep HX

survey will probe the emission mechanisms and

geometry closest to black holes: from stellar mass

BHs in the numerous transients it would discover,

through the large sample of massive BHs it would

discover in AGNs. High sensitivity and spectral

resolution out through 511 keV will allow the

contribution of pairs to hoth quiescent and (par-

ticularly) flare emission in both AGNs and galactic
black hole candidates to be measured and the

contribution of BH transients to the diffuse 511

keV emission in the Galaxy to be established.

Gamma-ray Bursts at the Limit: GRB sources thus

far identified (section 2.5) are at cosmological

distances and may probe star formation as well as

the most extreme explosions in the universe. The

faintest GRBs may thus probe both the extremes

of the GRB luminosity function (e.g. beaming

effects) and the SFR at largest redshifts. The
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desired high sensitivity (-0.05mCrab in 107s) and

wide-field (~2sr) for the survey yield a GRB detec-

tion sensitivity some 20X better than BATSE. Thus

without further flattening of IogN-IogS below the

BATSE limits, GRBs might be detected at a rate of

-6/day, and the most luminous events (e.g.

GRB990123) could be detected at z - 10.

• Supernova Rate in Galaxy From 44 Zi Galactic Survey:

High sensitivity maps from stacked survey images

of the galactic plane at high (-2%) energy resolu-

tion will also enable a much deeper (10X) search

for 44Ti (68,78 keV) emission from obscured SNR

than will be possible with the INTEGRAL galactic

plane survey. With an all-sky line sensitivity of -2

x 10 .6 photons/cm2-sec at -70 keY, or -30X

below the COMPTEL detection of Cas-A,

obscured SNR could be detected throughout the

Galaxy at similar ages (-300y) and the galactic

SN rate constrained. Candidates could then be

mapped at higher spatial resolution in followup

narrow-field HX focusing telescopes.

Whereas the Burst Alert Telescope (BAT) on Swift

could conduct valuable survey and partial monitor-

ing up to -150 keV at -1 mCrab sensitivity, it is not

optimized for HX surveys (e.g. its fixed pointings

will engender flat fielding limits) or high time reso-

lution imaging (e.g. pulsar timing would not be

possible for the onboard detector binning planned

for BAT) and a dedicated deep survey mission is

needed. INTEGRAL, with its relatively narrow field

(10-*6deg) imagers, will conduct only limited

surveys without all-sky monitoring. Thus the

GRAPWG recommends a high sensitivity and wide-

field imaging HX survey mission be carried out

within the next decade with the following capa-

bilities and approximate instrument parameters:

Both the desired wide-field (monitoring) and

extended energy range (and thus shielding) of this

HX survey preclude its placement as the top detec-

tor of a large area Compton telescope (Table 4.4).

Such a deep survey mission would ideally be flying

prior to, or coincident with, the Constellation-X

mission and its pointed HXT. Blazar and GRB stud-

ies would be optimized if it were at least partially

simultaneous with GLAST. As precursors to this

mission, there could be lower sensitivity initial

surveys carried out by Swift/BAT (2003) and proto-

type survey instruments flown on both LDB and

ULDB balloon missions (2002-2005).
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TABLE 4.3: DEEP HX SURVEY MISSION (EXIST)
PARAMETERS

Energy range: -600 keV

Sensitivity 0.05 mCrab (5-100 keV);

(5 sigma; 107sec) 0.5mCrab (100-600 keV)

Field of view 40deg x 160 deg

Angular resolution 5arcmin

Source locations <1 arcmin

Energy resolution 2% (60 keV); 1% (500

keV)

Temporal resolution 100% sky each orbit;

1 microsec imaging

Telescopes 8 coded aperture

telescopes (40deg

FWHM, each) at fixed

offsets (20deg, each)

Detectors 10,000 cm 2 CdZnTe

(0.5cm thick), 400 ×

400 pixels, each tele-

scope

Mass 2500 kg

Power 1.5kW

Telemetry 1.2mbs; 32 kbs (com-

pressed daily survey)

Mission implementation Zenith-pointing

(+/-80deg) telescopes in

LEO (ISS?); combined

160deg (FWHM) FOV

perpendicular to orbital

direction

Mission life 2 years+ (>2 sky surveys

at limiting sensitivity)

4.2.3 ADVANCED COMPTON TELESCOPE(ACT)

The realm of nuclear astrophysics and medium

energy gamma rays probes some of the most ener-

getic phenomena in astronomy -- the endpoints of

stellar evolution in supernovae, neutron stars, and

black holes. Measurements in this band can address

fundamental questions in astronomy such as star

formation, supernova physics, galactic structure,
and chemical evolution. The observational chal-

lenges of nuclear line astrophysics have been

addressed by several missions in the past, begin-

ning with the High Energy Astrophysics

Observatory (HEAO) series in the 1970's through



Figure4.8. Thecharacteristicstructureof a ComptonScatter
telescopespoint-spread function is apparent in this simulation.
Theintersectionsof the eventcirclesdefinesthe location of a
point-source.

the current Compton Gamma Ray Observatory.

These missions, along with balloon flight experi-

ments, have provided several notable achieve-

ments: 1) maps of galactic diffuse 26AI and 0.511

MeV emission with a few degree resolution, 2)

study of s6Co and sTCo lines from the Type II

supernova, SN1987A, and interesting limits on

56Co from Type la SN, and 3) detection of 44Ti
from Cas A. Some of these detections are of low

statistical significance; better sensitivity is needed to

provide diagnostics into the phenomena involved.

The planned INTEGRAL mission, which is to be

launched in 2001, is expected to provide a signifi-

cant improvement over existing capabilities by hav-

ing 3 degree imaging resolution, 2 keV spectral res-

olution, and a sensitivity to narrow lines of 5x10 .6

photons cm -2 s-1 for a 106 s observation of a

narrow line. This is approximately a factor of 10

improvement over OSSE or COMPTEL. At this level,

one can begin to make detailed maps of 26AI

showing regions of recent star formation and

supernovae production. However, INTEGRAL's

sensitivity to diffuse or broadened line emission is

degraded. Studying the physics of supernova

explosions will, lacking great serendipity, be

restricted to Type la, and Type II and Ib occuring in

the Local Group. A Type la in Virgo (20 Mpc)

would have a flux at peak of about 8x10 _6photons

cm 2 s-1. However the lines are broad, about 30-40

keV FWHM, so the sensitivity of INTEGRAL is re-

duced to just detecting the typical event in a 106 s

observation. Investigating the physics of SN la in

Virgo will require greater sensitivity. A meaningful

search for lines from 6°Fe, estimated at an intensity

at least a factor of 10 below 26AI, is likely to be

beyond INTEGRAL's reach and detailed study of

both the diffuse and central galactic pair annihila-

tion lines will be somewhat limited by the large

0.511 MeV background feature.

Development of a nuclear astrophysics mission

that applies new technology to improve sensitivity
and to address the deficiencies in the current and

planned instruments is the priority of gamma-ray

astronomy. Such a mission would address key sci-

entific priorities which have been identified by the

scientific community: 1) understanding of the

evolution of stars, in particular the SN la and core-

collapse SN, 2) understanding the origin of the ele-

ments through quantitative understanding of the

physics of SN and their associated nucleosynthesis,

and 3) understanding of the behavior of matter

under extreme conditions -- investigations of the

environment and processes associated with black

holes of all sizes (AGN and galactic microquasars).

The goal of the development would be an inter-
mediate mission new start in the 2008-2010 time

frame. The characteristics of such a mission are

summarized in Table 4.4. A large field-of-view with

good imaging capability is required to provide

sensitivity to diffuse emission from the Milky Way as

well as to support a high-sensitivity sky survey. An

example of a mission concept with these capabilities

is an advanced Compton telescope (similar to

COMPTEL on CGRO) using the newly emerging

solid state detector technologies, such as

Germanium or Cd7nTe strip or pixel detectors.

Liquid Argon or Xenon detectors also have inter-

esting characteristics for MeV astronomy missions.

In the Compton telescope configurations, the good

position resolution of solid state strip or pixel

detectors and the excellent energy resolution of

Ge and possibly CdZnTe are critical in reducing the

background and thus providing the sensitivities
indicated in the table.

The priority objectives of this mission include:

• Understand Type Ia Supernovae explosion mecha-

nism and dynamics. The mission would measure

the structure of SN la via s6Co and 56Ni emissions

to probe the nature of progenitors and explosion
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dynamics.SinceSNlaareusedasmetersticksto
measurethesizeandshapeoftheuniverse,key
measurementsof SNpropertiesvs.galaxytype
couldbemadeaswellascosmicstarformation
ratesvs.redshift.Withtypicalexpansionvelocities
of 5000km/sexpectedfortheradioactivedebris,
thisimpliesthatabroadline(dE/E- 3%)sensitiv-
ity of about10-6photonscm2s1inafewdaysis
neededto detect56ColinesfromSNelato dis-
tancesof 70Mpc.Basedoncurrentdiscovery
ratesin theoptical,thistranslatesintoabout
6-8SNe/yr,eachdetectableovera periodof
about6 months.
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Figure 4.9. Theerrorsin scatterangle for a Comptonscatter
telescopeare directly relatedto sourcelocalization capability.As
shownin this figure,advancedmaterialssuchas Germaniumwhich
provide superiorspatial resolutioncan reducethe errors in
reconstructingthe sourcedirection.

• Map the Galaxy in nucleosynthetic radioactivity.

This mission should map the Galaxy with good

angular resolution in line emissions from 26AI,

6°Fe, 44Ti, 12C, 160, 56Fe and positron annihilation

and positronium continuum. These maps will

reflect the nucleosynthetic contributions of super-

novae, novae and massive stars, and discover

sites of galactic supernovae. The 100-fold

improvement in sensitivity and angular resolution

over COMPTEL should permit localization of

young individual star clusters by the core collapse

supernova remnants they contain.

• Map Galactic Positron Emission. A large compo-

nent of the observed galactic 0.51 1 MeV radia-

tion is likely attributable to galactic Type la SN.

Thus la SNRs could be detected by their residual

0.51 1 MeV positron annihilation radiation associ-

ated with _6Co production. Diagnostics of the
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physical properties can be provided by the line

profiles and positronium fraction• Positrons are

also excellent diagnostics of many high-energy/

compact environments. Electron-positron pairs

should be created in the intense magnetic fields

at the polar caps of pulsars and are expected

components in galactic jet sources (microquasars)

similar to AGN jets.

Science Objectives of secondary priority are:

Use gamma-rays to understand the dynamics of

Galactic Novae. Detection of nuclear emission

lines from novae would provide critical tests of

the models of novae as thermonuclear runaways

on white dwarfs. Early y-rays from 13N and _SFare

the most direct measure of the burning and

dynamics. CNO-rich novae should be detectable

in later y-rays from 7Be and 22Na to a distance of

1 kpc and positron annihilation radiation will be

detected from all novae within 3 kpc during the
first hours of the outburst.

Vel a SNR 26A1 Simulation

-4 -2 0 2 4

Degrees

2_Figure4.10. Simulationof the structure in AI radiation which
might beseenfrom a galacticsourcesuchas the Velasupernova
remnant by a nextgeneration Medium-energyinstrument.

• Cosmic Ray Interactions with the Interstellar

Medium. Mapping of the galaxy will detect

nuclear gamma ray line emission from galactic

cosmic ray interactions with the ISM and mole-

cular clouds. These measurements would provide

perhaps the only way to study the low-energy

(10s of MeV/nucleon) Galactic cosmic rays and



theirsubstantialcontributionto theISMtotal
energybudget.Fluctuationswouldbeexpected
nearparticleaccelerationregionssuchasinsuper-
novae/cloudinteractions.Continuummeasure-
mentsintheMeVbandwill mapthegalacticcos-
micrayelectrondistributionandenergyextent.

• ActiveGalacticNuclei.Thehighenergyemissionof
manyblazarAGNhavetheirpeakenergycontent
in the1-20MeVrange.Theseenergiesalsopro-
videsomeof themostcompellingtestsfor rela-
tivisticbeamingfrom¥-7transparencyarguments
andtheElliot-Shapirorelation.Thedetectionof
e+/e-annihilationradiationwouldprovidedram-
aticmeasurementsoftheconditionsin theinner-
mostregionsnearthecentralengine.Thesepairs
mightbeproducedthrough7-3'pairproductionin
SeyfertAGNsor indicatethepresenceofantimat-
terin thejetplasmainthecaseofblazars.

• Gamma Ray Pulsars. These powerful accelerators

produce e+/e - in copious numbers from photon-

magnetic field, photon-photon and interactions

with the stellar surface. The detection, redshift

and shape of an annihilation feature would probe

the environment of the production and annihila-
tion sites.

The principle behind the Advanced Compton

Telescope is to measure the energy and position of

two gamma ray interactions, from which the arrival

direction of the incoming photon is constrained.

Conceptually this is done using two detectors,

shown in Figure 5.2. The direction of the scattered

gamma ray is determined from the positions of the

two interactions, and the energy loss in the two

interactions uniquely determines the scatter angle

(O in the Compton formula).

COS _ = 1 -- mc 2
2 Eo

Thus, the direction of the incomin 9 gamma ray is
restricted to a cone centered on the direction of

the scattered 9amma ray, with an openin 9 angle

equal to the scatterin 9 angle. Figure 5.3 shows a

simple cartoon of the telescope, gamma ray inter-

actions, and the reconstructed cone.

Reconstruction of the gamma ray sky is accom-

plished by the superposition of many such events.

Figure 4.8 shows a simple "ring-sum" image recon-

struction of a point source in a laboratory demon-

stration. This experiment was performed using two

imaging germanium detectors. The D2 detector
was moved to four different locations to simulate a

larger array of detectors, hence the four bands of

rings in the image. The limiting sensitivity of the

Compton instrument can be understood from the

ring-sum, determined essentially by the number of

rings that pass through the location of the source.

The reconstruction algorithms used by COMPTEL

on the Compton Gamma Ray Observatory are

much more sophisticated and deconvolve the side-

lobes or "point spread function" from the image.

The same reconstruction techniques also apply for

data from the ACT.

The sensitivity and reconstruction ability are

directly related to the sharpness of the ring that

describes the possible photon arrival directions. Two

factors contribute to the sharpness: 1) ability to

measure the direction of the scattered photon, and

2) the ability to measure the Compton scatter angle

O. Good position resolution in the detectors relative

to the spacing between the detectors determine the

uncertainty, dO, in the scatter direction. The detec-

tor energy resolution determines the dO contribu-

tion to the measurement of the cone angle, given

by the formula shown below, where E1 and E2 are

the energies in the two detectors, and E0--EI+E2 is

the incident energy. It is clear that good energy

resolution is needed in both detectors to minimize

AO, and thus improve the ring sharpness.

A_=-- --Z7- +
sin_t E° 2[E_ Eo2

The importance of energy resolution is apparent

in Figure 4.9 that compares a Compton telescope

using germanium detectors with a telescope similar

to Comptel that uses Nal scintillators. The compari-

son is made for 1 MeV photons. The most useful

events scatter by -45 degrees or less, which corre-

sponds to greater than 635 keV on this plot. The

uncertainty in the scatter angle is more than an

order of magnitude smaller in the germanium

instrument for most of the scattered photons. The

number of background events that are consistent

with a source location are fewer if the rings are

sharp, thus background events are easily identified

and rejected. Efficient background rejection is criti-

cal to achieving high point source sensitivity.
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TABLE 4.4. CHARACTERISTICSOF THE ACT MISSION
USING A HIGH RESOLUTION COMPTON
TELESCOPE

Energy Range 300 keV-20 MeV

(Compton mode)

25-500 keV

(Coded aperture mode)

Energy Resolution <3 keV @ 2 MeV

Detector Area -10,000 cm 2

Field-of-View -60 degrees (Compton)

-10 degrees

(Coded aperture)

Point Source -5 arcmin

Localization

Line Sensitivity -2 × 10 7 cm-2 s-1

(1 MeV, Narrow Lines)

-1 x 10 6 (SN la lines,

broadened)

Continuum -1 x 10 5 cm 2 s 1 MeV-1

Sensitivity (0.5 MeV)

Mass 3500 kg (320 kg active

mass)

Power 2500 W

Telemetry 3 Mbps

Mission Life >2 years

Orbit Low inclination LEO

Spacecraft Pointing 30 arcsec knowledge

Operating Modes Pointed observation mode

any direction, any time

The superb performance of the ACT is shown in

the simulated image shown in Figure 4.10. This

simple ring-sum image is of the Vela SNR with a

hypothetical distribution of 26AI. The total amount
of 26AI in the simulation is derived from the COMP-

TEL measurements. Each of our four knots receive

3% of the total flux with the remaining 88% a

broad gaussian distribution in the center. The simu-

lation represents the image that would be pro-

duced with a 2 week observation using the ACT

telescope described in Table 4.4.

The energy domain of this mission could be

extended to lower energies by the inclusion of a

coded-aperture telescope above the Compton

telescope. The top detector array of the Compton

instrument provides a large array of position-sensi-

4o

tive detectors for hard X-ray measurements; in this

energy band photo-electric absorption dominates

Compton scattering in many detector materials.

Simply by placing a relatively thin, low-mass coded

aperture above this detector plane to create a

coded aperture instrument in the energy range 20

keV to -300 keV. Such an instrument, with approxi-

mately 10 degree field of view, would have excel-

lent continuum sensitivities. Careful simulations of

this dual instrument configuration would be need-

ed to verify that the coded aperture mask did not

adversely affect the performance of the Compton

Telescope. Preliminary studies of this configuration

are encouraging in that regard.

The recent developments in gamma-ray detector

technology show the way to advanced Compton

telescope concepts which provide the significant
advance in sensitivities needed to address the

broad range of exciting scientific investigations
listed above. These sensitivities for nuclear line

detections are -2 x 10 7 cm-2 s 1 for narrow lines

and -1 x 10 -6 cm 2 s-1 for broadened lines as in SN

la. The development of such a mission requires key

investments in the detector technologies but also in

the simulations of the instrument designs and their

background radiations.

4.3 LONG RANGE NEW MISSIONS

4.3.1 NEXT GENERATIONGRB (NGGRB)

In the coming years, missions such as CGRO,

BeppoSAX, HETE-II, CATSAT, and the Interplanetary

Network will be the workhorses which assure that the

momentum we have gained in GRB studies is not lost.

After that, the next big step in gamma-ray burst
studies will be to accelerate the identification of mul-

tiwavelength counterparts. Today, we rely on ground-

based photometric observations of -arcminute burst

positions to produce optical positions which are pre-

cise enough to position optical spectrometers (arcsec-

onds), and delays of hours or more are routine. Swift,

a gamma-ray burst MIDEX currently in Phase A study,

will eliminate these delays with its onboard multi-

wavelength instrumentation. A wide-field gamma-ray

camera gives arcminute positions for -300 bursts per

year to a sensitivity better than that of BATSE. The

spacecraft then slews in 20-70 seconds to point sen-

sitive narrow-field X-ray and optical telescopes at the

burst location. These instruments study the burst



afterglowandproviderapidarcsecondpositionsfor
furtherground-basefollow-up.

At highenergies,GLASThasthevaluablecapa-
bilityto studytheveryhighenergygamma-ray
emissionassociatedwithbursts,firstdiscoveredby
EGRET.Todo this,themissionmusthaveamodest
gamma-rayburstexperiment,whichiscurrently
partof the instrumentcomplement.

Figure4.1 I. A viewof the Swift satellitealong with the three
scienceinstruments.

The recent ROTSE results on prompt optical

emission from one burst, GRB 990123, dramatically

demonstrate that ground-based, rapidly slewing

telescopes can greatly enhance our understanding

of the GRB emission mechanisms. Indeed, a net-

work of such telescopes can support not only Swift,

but also GLAST observations of AGNs.

We have much to learn from missions like Swift,

and that knowledge will undoubtedly provoke

more questions. Among them are:

• is there a population of bursts an order of

magnitude or more weaker than the ones we are

observing? If so, what are their distances?

• do bursts have low energy X-ray iron line emis-

sion, as suggested by recent observations?

• can bursts be studied by their emission outside the

electromagnetic radiation band (e.g., neutrinos)?

The GRAPWG encourages further development

and timely flight opportunities for the next

generation of gamma-ray burst experiments.

4.3.2 NEXT GENERATIONHIGH-ENERGY GAMMA RAY

(NGHEG)

We expect a significant revolution in our under-

standing of the high-energy universe through the

GLAST mission. One thing that is already under-

stood is that the spectral energy distribution peaks

in high-energy gamma rays for many sources

including young pulsars, blazars and at least a large
fraction of the unidentified sources. For blazar

AGN, source variability demands that a multiwave-

length approach should take advantage of simulta-

neous observations. It would be highly beneficial to

maintain a high-energy capability beyond GLAST to

provide an essential component for studying such

varying sources in concert with future, sensitive

telescopes at other wavelengths.

Furthermore, it is likely that other fundamental

physics will need to be tested beyond the capabili-

ties of GLAST. For instance:

• Using blazars and the high energy components of

GRB's as cosmological probes.

• Mapping our Galaxy, clouds, supernova rem-

nants, and nearby galaxies for cosmic ray sources

at arcmin resolution.

• Identifying the counterparts of steep-spectrum

and confused high-energy gamma-ray sources

that require sub-arcmin positioning. It is already
clear from EGRET that not all the sources are

blazars and pulsars.

• Pursue aspects of astroparticle physics (high-ener-

gy lines from exotic particles, neutrino correla-

tion, etc) beyond the capabilities of GLAST.

4.4 SUBORBITAL PROGRAM

he future of gamma-ray astronomy will
continue to depend on the balloon pro-

gram for the development of new instru-

ments and techniques for major missions. The

advent of UNEX opportunities for Long Duration

Balloons (LDB) and eventually Ultra-LDB should

provide significant alternatives to space for investi-

gations requiring large or heavy instruments. In

addition, ballooning provides a critical function in

the education and training of students in all aspects

of mission design, planning and implementation

and is thus essential for the future vitality of NASA.

Ballooning provides opportunities for critical
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"hands-on" experience that is simply not practical

in today's environment of highly schedule and cost
constrained missions.

Historically, the role of the sub-orbital program

has been particularly important for gamma-ray

missions, with all the instruments on CGRO (for

example) having heritage in the balloon program.

The role of the balloon program in gamma-ray

science has not been as widely appreciated.

Important scientific advances include the discovery

of galactic 511 keV line emission, 56Co line emission

from SN 1987A, the hard X-ray imaging study and

identification of several galactic bulge sources, and

the mapping and study of both the diffuse 511 keV
and 26AI 1.8 MeV emission.

With the newly revived and promising develop-

ment of superpressure balloon technology, the

long-sought goal of ultra-long duration balloon

flights (-100 days) of large payloads (-3000 Ib)

appears to be finally within reach. The GRAPWG

strongly endorses the current push to develop this

capability as a viable alternative for implementation

of UNEX class missions. To ensure the timely suc-

cess of this effort, progress is needed in several

areas including mechanical, power, communication

and recovery systems and the maintainance of

overflight agreements. The GRAPWG encourages

NASA to pursue innovative approaches to these

problems through support of the balloon program

and by extending payload development oppor-

tunities to the user community.

4.5 SPACE STATION

amma-ray astronomy can potentially
benefit from the opportunity for locating

instruments, which are necessarily massive

and often have substantial power and telemetry

requirements, on the Space Station. Its high-

inclination orbit will have large particle back-

grounds, but might not preclude all instrument

concepts. Narrow field, pointed telescopes would

be problematic, unless detached from the station,

but broad-field, survey or monitor instruments are

possibilities. For example, a very large area, hard

X-ray survey instrument might have otherwise

unattainable capabilities. Also, a low-density gas

time projection chamber could operate as a

Compton telescope with electron tracking in the

nuclear line regime. To achieve the sensitivity dis-

cussed herein, its size might require construction

in space, with the Space Station the obvious loca-

tion. Frequent launch opportunities might also

make tests of prototypes for future major missions
feasible. We recommend that NASA commit

resources to study the suitability of instrument and

mission concepts discussed in this report for the

Space Station, and make the available opportunities

clear to potential investigators.
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he breadth of gamma rays in the electro-
magnetic spectrum -- a range of more

than 109 in photon energy -- demands a

wide variety of technologies. Advances in relevant

technologies span the full range of opportunities

for gamma-ray instruments, giving a high potential

for major improvements in many aspects of the

field. Section 5.1 describes the imaging techniques

needed in the different parts of the gamma-ray

spectrum. Section 5.2 illustrates how technologies

are currently being developed to take advantage of

the full range of gamma-ray possibilities.

5.1 IMAGING TECHNIQUES

he physics of gamma-ray detection is the
ultimate driver for all gamma-ray tele-

scopes. In the keV energy range, gamma

rays interact primarily through the photoelectric

effect; in the MeV range, primarily through

Compton scattering; and at energies above a few

tens of MeV, almost exclusively by electron-positron

pair production. Only at the lowest gamma-ray

energies is any form of reflection possible. Most

gamma-ray telescopes require substantial detector

areas.

5.1.1 MULTILAYERMIRRORS

The familiar technical challenge to extending

traditional grazing incidence optics into the hard

X-ray band (E/10keV) is the decrease with energy

in incident angle (referred to as graze angle) for

which significant reflectivity can be achieved. For a

Wolter or conical approximation mirror geometry,

the graze angle, g, on a given mirror shell is related

to the focal ratio by g = 1/4 x (r/f), where r is the

shell radius and f is the focal length. Coating the

reflective surfaces with multilayer structures, which

operate on the principal of Bragg reflection, can

substantially increase the maximum graze angle for

which significant reflectivity is achieved over a rela-

tively broad energy range, while maintaining realis-

tic focal ratios. Other concentrating techniques and

mirror geometries such as polycapillary optics and

Kirkpatrick-Baez telescopes can also be extended

into the hard X-ray band; however, given the cur-

rent state of technology and the desire for good

imaging performance, systems based on Wolter-I or

conical optics are the most attractive.

The requirements for the multilayer materials are

that the K-shell absorption edges not lie in the

energy range of interest, and that the two materials

employed be chemically compatible for forming

TABLE 5.1 COMPARISON OF GAMMA-RAY IMAGING TECHNIQUES

Imaging Technique Energy Range Characteristics

Multi-layer mirrors below 100 keV high resolution, narrow field-of-view

Coded-Aperture mask below 10 MeV good resolution, wide field-of-view

Compton telescope -1 MeV- -100 MeV good resolution, wide field-of-view

Pair telescope above 10 MeV good resolution, wide field-of-view

Atmospheric Cerenkov above 100 GeV good resolution, narrow field-of-view
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stablethinfilms.In thehardX-rayband,thisissat-
isfiedbyseveralmaterialcombinationsthathave
beenusedto fabricateX-raymultilayerswith the
appropriatedimensions.Themostpromisingcom-
binationsfor operationabove-5 keVincludeW/Si
(W K-edgeat 69.5keV),Ni/C(bothedgesbelow
10keV,andthereforeeffectiveup to -100 keV),
andPt/C(PtK-edgeat 78.4keV).Technicallimits
restricttheoperationalenergybandto below-
120keV.Thegrazeanglesfor multilayerhardX-ray
telescopesarestillsmallerthanthosetypically
employedat lowenergies.Thereforethin, light-
weight,highly-nestedmirrorsubstratesare
required.Developmentof suchopticsisalsocritical
forfuturemissionsoperatingin thesoftX-rayband
(thespectroscopytelescopesonHTXS,for exam-
ple),andtheseeffortsaredirectlyapplicableto
futurehardX-rayfocusingmissions.

5.1.2CODED APERTURE IMAGING

Although multilayer coatings and small graze

angles allow imaging up to perhaps 100 keV (see

above), this is restricted to narrow fields-of-view

(typically less than 10 arcmin). Although Bragg

reflection can be incorporated into Laue lenses at

still higher energies (e.g., up to several MeV), these

focusing techniques are restricted to narrow energy

bands (typically less than 1-2% of the incident

energy). Therefore alternative concepts must be

used to achieve the important advantages that

imaging, with moderate to wide fields-of-view, can

provide: simultaneous measurements of source(s)

and background without the need to chop on and

off source; measurements of source locations with

resolution typically much higher than in non-

imaging (e.g., collimated) detectors; and resolving

source structure for true imaging of extended

sources. All of these can be achieved by using

coded aperture imaging, whereby images are con-

structed from shadows of a coded aperture mask

cast on a position-sensitive detector located at focal

length, below the mask. Coded aperture imaging

is particularly well suited for the hard X-ray/soft

gamma-ray band (10 keV - 1 MeV) since it depends

on source photons being either absorbed (photo-

electric) or scattered (Compton) if they strike a

closed cell of the coded mask. However the images

become increasingly blurred, with consequent loss

of sensitivity, as Compton scattering dominates and

Figure 5.1. This slide shows part of the coded aperture mask for
the INTEGRAL IBIS instrument.

the coded mask becomes (eventually) optically

thin; thus it is not optimum for energies above -1

MeV. For a coded mask of open and closed holes

with usual open fraction 0.5, images are derived

simply by correlating the detected pattern of

source counts on the detector with the (known)

pattern of the mask. This may be understood sim-

ply as measuring the x- and y- shift of the detected

shadow on the detector and thus the angular posi-

tion (in the orthogonal angles giving rise to x- and

y- offsets) of the source relative to the optical axis

of the telescope. The technique has now been well

developed and a variety of successful imaging tele-

scopes have been flown from balloons and in

space. The premier space mission to date has been

the French/Russian SIGMA telescope which

imaged selected regions of the sky (primarily the

galactic center region) down to sensitivities of

(typically) 30-50 mCrab in the 35-150 keV band.

Future missions are now planned (INTEGRAL) or

proposed (e.g., BAT on Swift) or mission concepts

studied (e.g. EXIST) which will be based on coded

aperture imaging. The proposed missions are all

survey missions and thus require very large fields-

of-view for maximum exposure time, temporal cov-

erage and sensitivity. These requirements effectively

point to coded aperture imaging as the imaging

technique of choice. The technique requires posi-

tion sensitive detectors of large area and high

spatial resolution. New CZT detectors (cf. section

5.2.1) are particularly promising since they provide

fixed pixels (which can be very small) and yet high

energy resolution.
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5.1.3COMPTON TELESCOPES

Compton telescopes have been used since the

early 1970's for making astronomical observations

and measurements above 1 MeV. The first orbiting

Compton telescope, COMPTEL, on the CGRO has

performed the first all-sky survey at MeV energies

with a resolution of about one degree. The princi-

ple behind the instrument is that photons first scat-
ter in a Iow-Z material in a forward detector. The

scattered photon is then detected by a second, or

rearward detector, typically made of a high-Z mate-

rial to fully absorb the remaining energy. By requir-

ing that the photon scatter twice, three advantages

become apparent. The first is that the telescope has

a natural directionality. The second is that if the

time-of-flight is measured between the triggered

detectors, then only photons traveling in the prop-

er direction (forward or backward) need be accept-

ed for further analysis. The third advantage is that

although the efficiency of the instrument is low

(two scatters are required and one pays the price in

effective area), it greatly reduces internal or local

background. However, when the direction of the

recoil photon is not measured, but only the energy

deposits, as with COMPTEL, background still comes

from the local sources and the true cosmic photons

from nearby points on the sky.
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Figure 5.2. A representation of the operating mechanism of a

standard Compton Scatter telescope. Measuring the momentum

of the scattered electron in the upper detector can collapse the

annulur shape of the point spread function to a more standard

(and smaller) circle.

By measuring the energy deposits in the two

detectors one not only has a measure of the total

incident photon energy but also a measure of the

Compton scatter angle that can later be used to

construct an "event circle" and create an image.

Present day Compton telescopes only employ the

technologies that allow them to measure the loca-

tion of the photon interactions, the energies of the

interactions and the time-of-flight. These data are

not sufficient to assign a unique direction to the

incident photon. One also needs the direction of

the scattered electron in the forward detector. This

is not easily accomplished. MeV electrons scatter

efficiently and unless the material in the forward

detector is tenuous and of Iow-Z composition, the

direction information of the electron is quickly lost.

The MeV region is home to strong sources of back-

ground that competes with the declining spectrum

of cosmic sources. In the design of a Compton tele-

scope the lack of knowledge of the recoil electron

momentum vector allows real photons from other

points on the sky, i.e., on the event circle, to have

the same data signature as a photon from the true

source. The key to future Compton telescope
advances is to increase the instrument's effective

area but, more importantly, to reduce background

rates, both internal and external.

Although low, significant background exists in

present day Compton telescope data, primarily

from multiple-photon cascades produced by ener-

getic neutrons. These cascades when they take

place near the forward detector can produce sig-

nals in both detectors with the proper time-of-

flight. These prompt cascades coupled with multi-

ple-photon radioactive decays are the dominant

backgrounds in COMPTEL. These background

events fog any good image of the sky, or worse, if

not controlled, produce artifacts. Three measures

individually or together can ameliorate this back-

ground. The first is that the track of the recoil

electron in the forward detector can be measured,

thereby collapsing the "event circle" to an arc

segment or a point. This requires tracking tech-

nology similar to that being proposed for GLAST or

with liquid-xenon "drift chambers." This technique

is effective above a few MeV, above the range

where electron scattering is strong. This is generally

above the range of most nuclear lines. At these

energies different production processes in space are

responsible for the emission, so that the objects
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thatarebrightat afewMeV(thecontinuum)may
notbebrightat manytensof MeV,andarelikely
differentfromthoseemittingnuclearlines.

Thesecondmethodof reducingbackgroundis
to reducethewidthof the"eventcircle."Superior
energyresolutionisnecessaryfor thistechnique.
Whenthefull recoilphotonenergyisabsorbedin
therearwarddetector,theeventcirclepasses
directlythroughtheincidentdirectionvectorand
itssmallwidthbringsin minimalbackground.Solid
statedetectors,e.g.,germanium,areidealfor this.
However,it is importantto fullyabsorbandmea-
surethescatteredphotonsothatthenarrowevent
circlecontributesonlyto thesourceandnotthe
backgroundofotherpointson theskyandthat
eventcirclesfromother(sometimesfarremoved)
pointsonthesky,likewise,do not interferewith
thesourcemeasurement.Thefineenergyresolu-
tionof Gealsowouldgreatlyimprovethesignal-to-
noiseof diffusenarrowlinesources.(Thebenefitto
pointsourcenarrowlineshasalreadybeenrealized
in thenarroweventcircleandcannotberealizeda
secondtimefor pointsources.)Thesefirsttwo
methodsof reducingbackgroundarealsoaccom-
paniedbyfinerangularresolutionperformance,
therebyimprovingthepositioningandresolution
of sourceswhilealsoimprovingthesignal-to-noise
ratio.Angularresolutionsof aseveralarcminutesis
attainablewithtechnologycurrentlyunderdevel-
opmentproducingacorrespondingimprovement
insignal-to-noiseratio.

Lastly,inanyComptontelescopedesignthe
passivematerialaroundtheprimaryscatterermust
beminimized,becauseit isthesourceofthe local
background.

TheidealComptontelescopedesignwouldbe
in theformof anelectron-trackingforwarddetec-
torwithgermaniumresolutionandwith thehigh
densityelectronicsnecessaryto supportthe large
numberof datachannels.Suchanidealconfigura-
tionmaynotfallwithintheconstraintsof a new
mission,but it is importantto notethat(1)anelec-
tron-trackingComptontelescopewill undoubtedly
providesignificantlybetterperformancethanexist-
ingComptontelescopesin thenuclearlineregion
whereelectrontrackingisnotefficientandsimilarly
(2),a non-electron-trackinghigh-resolution
Comptontelescopewill undoubtedlyprovidesig-
nificantlybetterperformancein thecontinuum
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regime above the nuclear lines, where electron

tracking is efficient. In this case the choice must be

made based upon the available technology and its

ability to adapt to the wide range of energies,

backgrounds and detection processes that are pre-

sent in the MeV range. In other words, the differ-

ent scientific goals of measuring the nuclear lines

and the continuum emission may be achieved by

either an electron tracking telescope or one that

does not perform electron tracking, albeit with dif-

ferent levels of success. This is especially true given

that there are likely few opportunities for measur-

ing intrinsically narrow nuclear lines.
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Figure 5.3. Cross-sectionof a pair-conversion telescope. The
four basic elements -- anticoincidence, pair converter, pair
trackers, and a calorimeter -- have not changed in decades.
What haschanged is the emergence of new detector
technologies allowing vastly improved sensitivity.

5.1.4 PAIR PRODUCTIONTELESCOPES

The observation of high-energy gamma rays is

done indirectly, by detecting the electron and

positron produced when the gamma ray undergoes

pair production in the presence of a nucleus. A

high-energy gamma-ray telescope consists of high-

Z pair-production material (metal foils)interleaved

with position sensitive charged particle detectors.

The direction and energy of the incident gamma

ray is reconstructed from the direction and energy

of the electron and positron. Thus, a gamma-ray

telescope is, in effect, a track imaging charged par-
ticle detector and calorimeter. An anticoincidence is

needed to screen the track imaging detector from

the charged particle cosmic rays which outnumber

the gamma rays by a factor of approximately 104.

Since the electron and positron emanate from a



commonvertex,givingtheinvertedV signatureof
thegamma-rayconversionto anelectron/positron
pair,thetwo-trackresolutionofthetrackimaging
detectorisimportantfor botheventrecognition
andsubsequentdirectiondetermination.The
instrumentswhichdefinehighenergygamma-ray
astronomy-- SAS-2,COS-B,andEGRET-- allused
thissamebasicdesign.Thegreatadvancepossible
in thisareacomesfromtheapplicationof recent
developmentsinparticletrackingdetectors(see
below),alongwith improvementsin on-boardpro-
cessingandtelemetrybandwidth.

5.1.5ATMOSPHEriCCErENKOVTELESCOPES

Atsufficientlyhighgamma-rayenergies,typically
above100GeV,theEarth'satmosphereitselfcan
beusedaspartof a gamma-raytelescope.Asthese
high-energyphotonscollidewiththeupperatmos-
phere,theyconvertto electron-positronpairsjust
as100MeVphotonsdo,but theseparticlesaresuf-
ficientlyenergeticto producea cascadeof sec-
ondaryparticlestravelingfastenoughthroughthe
air to produceaflashof Cerenkovradiation.This
radiationisthendetectedbylarge-areaopticalcol-
lectorsontheground.TheWhippleObservatory,
CAT,HEGRA,andCANGAROOtelescopesareall
activenow,andnewtelescopes(e.g.,CELESTE,
STACEE,MILAGRO)beginoperationin1999.
Withinafewyearsit isexpectedthatthesewill
bejoinedbyVERITAS,HESS,MAGICand
CANGAROOIV.

5.2 DETECTORTECHNOLOGIES

A numberof detectortechnologiesareusedforgamma-rayimagingandspectroscopy.
Manyaspectsof suchdetectorsarewell

established,suchasscintillatorsandphotomultiplier
tubes.Dramaticprogressisnowobtainablein this
fieldbecauseof newanddevelopingtechnologies
influencingalltypesofgamma-rayimaging.Several
generalareasstandoutaskeynewtechnologies.

5.2.1 STRIP AND PIXEL DETECTORS

5.2. 1.1 CDZNTe

CdZnTe detectors are at the threshold of becom-

ing a widely used tool in gamma-ray astronomy.

The basic properties that make them interesting

are: 1) large enough band gap energy (1.6 eV) to

Figure 5.4. This artist's conception of the proposed VERITAS

instrument is one example of the future direction of ground-

based gamma-ray astronomy.

permit room temperature operation; 2) high den-

sity (-6 g cm -2) for good stopping power; 3) high

atomic numbers (48 for Cd, 52 for Te) for photo-

electric absorption up to high energies (For exam-

ple, CdZnTe has a photoelectric attenuation coeffi-

cient that is more than 10 times the Compton scat-

tering coefficient up to 110 keV compared to 60

keV for Ge and 25 keV for Si.); 4) low bias voltages

of typically 200 volts compared with thousands of

volts for Ge; 5) ease of electrode segmentation for

fine imaging; 6) low susceptibility to contamina-

tion problems so that the detectors can be easily

fabricated and handled; 7) availability of suitable

crystals so that multi detector arrays can be fabri-

cated at low cost; and 8) increased resistivity with

introduction of Zn to improve performance over

CdTe (though PIN CdTe and PIN CdZnTe have best

performance so far). The high density and particu-

larly high atomic number of CdZnTe combine to

give several important characteristics. The domina-

tion of photoelectric attenuation means that

CdZnTe has single-site absorptions (good for imag-

ing) throughout the low-energy gamma-ray band.

Also, the large attenuation coefficient for photo-

electric absorption means that CdZnTe detectors

can be very thin and still efficient at stopping

gamma rays. The typical size of a CdZnTe detector
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is1cm2inareaby2 mm thickness, with the thick-

ness limited by hole trapping effects. Recently,

however, it has been shown that detectors with

segmented electrodes can achieve reasonable spec-

troscopy using only the electron signal due to the

"near-field" effect, thus enabling thicker detectors.
The small sizes of CdZnTe detectors means that

large-area detection planes will require arrays with
hundreds or thousands of individual detectors. In

order to keep the electronics power level within

reasonable levels for spaceflight applications, VLSI

front-end amplifiers must be used. Power levels of a

few mWatts per detector are then achievable. The

ability to finely segment the contacts of CdZnTe

detectors, combined with their high photoelectric

attenuation coefficient, means that they are ideal

for high-resolution imagers. Detectors with strip

contacts and with pixel contacts have been fabri-

cated with pitches of 100 micro-m or less.

Applications of such finely segmented detectors
include wide-field coded mask instruments with

better than arcminute (in some cases approaching

arcsecond) angular resolutions and high-sensitivity

focusing hard X-ray telescopes with arcminute reso-

lutions. Examples of instruments that incorporate
CdZnTe or CdTe detectors are: the INTEGRAL

imager; the Swift and EXIST mission concepts; and

several recently-proposed balloon instruments such

as In-Focus.

5.2.1.2 GERMANIUM

Germanium remains the only solid state detector

capable of high-resolution spectroscopy in the

nuclear energy band. It is also the only semicon-

ducting detector that can be made in large vol-

umes, -10 cm diameter. These are the reasons it

has been used in satellite (HEAO C-1 and INTE-

GRAL) and balloon missions (Bell/Sandia,

Lockheed/MSFC, GRIS, Hexagone) requiring both

the best possible energy resolution and large col-

lecting areas. However, the next generation of

instrumentation is also going to need fine imaging

capabilities that standard large volume co-axial

detectors do not provide. These instruments must

combine fine angular resolution with high sensitivi-

ty well beyond that of INTEGRAL. Planar configura-

tions of germanium detectors with strip or pixel

electrodes are being investigated. Both of these

concepts achieve good position and energy resolu-

tion for applications in coded-aperture or Compton

telescope imaging systems. Germanium detectors

with 2-ram spatial resolution have been demon-

strated in the laboratory in a device measuring

5x5x1 cm in volume. Even larger devices with finer

spatial resolution are possible. The principle chal-

lenge will be to make large arrays of germanium

detectors with high reliability and a reasonable

cost. Production of the detector quality germanium

material is already a routine manufacturing process.

Cost savings will be realized by improvements in

the contact technology and device packaging or

handling procedures. A germanium Compton tele-

scope using such pixelated detectors could achieve
sensitivities 10 - 50 times better than INTEGRAL

and have good sensitivity to both diffuse and

broadened line emissions. This is because the good

energy resolution of germanium also reduces the

background by improving the angular resolution in

Compton telescopes so that the sensitivity

improves proportionally with resolution for point

sources, not simply as the square root of resolution

in an INTEGRAL-like spectrometer.

5.2. 1.3 SILICONSTRIPS

Silicon microstrip detectors have been developed

at accelerators and are now readily available from
several commercial manufacturers. These devices

are, in effect, big integrated circuits fabricated on

Si. The spatial resolution is determined by the

width of the semiconductor strips fabricated on the

Si. Resolution of 50 m m is easily attainable by

modern photolithography. Because the Si

microstrips are fabricated on thin layers of silicon,

they have very good two track resolution, typically

3 times the strip pitch. Si microstrip detectors are

available in sizes up to -9 cm x 9 cm, although 6

cm x 6 cm is more common. Si strip detectors are

applicable to both Compton and pair telescopes.

5.2. 1.4 LIQUID XENON

Xenon, in its liquid or highly compressed gas

phase, is a very good detector material for gamma

rays. Large area xenon detectors can be realized in

a variety of configurations, using either the ioniza-

tion or scintillation properties, or both. The basic

requirement is ultra pure material, with one part

per billion level of electronegative contaminants. A

configuration which is particularly advantageous for

the detection of high energy gamma-rays is a Time

Projection Chamber (TPC) as three-dimensional
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Figure 5.5. Aprototype of a Compton scatter telescopewith a
liquid Xenon TimeProjection Chamberas the upperand lower
layer.

tracking device and homogeneous calorimeter. In

a LXeTPC, such as the 10 liter detector (see Figure

5.5) used in the balloon-borne Liquid Xenon

Gamma-Ray Imaging Telescope (LXeGRIT), both

charge and light signals are detected to measure

the energy and the spatial coordinates of every ion-

izing event within the sensitive volume. For MeV

gamma-rays, which lose energy in multiple

Compton scatterings before a final photoabsorp-

tion, the knowledge of the energy deposit and the

localization in 3D of all interaction points allow a

complete reconstruction of each event history. This

event imaging translates directly into an effective

discrimination against background, independent of

the spatial or spectral extent of a celestial source.

A double-scatter Compton telescope based on a

coincidence of a liquid Argon TPC as converter and

Compton electron tracker, at a fixed distance from

a LXeTPC as calorimeter and imager, has been pro-

posed for a substantial improvement in sensitivity

and angular resolution over COMPTEL. An alterna-

tive approach, which would add fine spectroscopy

to the submillimeter quality imaging of a TPC is to

operate with high-pressure xenon gas below the

critical point. This would also remove the cryo-

genics requirements of the liquid TPC approach.

A baseline design of a Compton telescope realized

with a low-pressure XeTPC as converter and

electron tracker, surrounded by high-pressure

XeTPCs for calorimetry and 3D imaging, is also

under study. With an energy resolution of 5 keV

FWHM at 1 MeV, a spatial geometrical one), reso-

lution of 300 microns, a large effective area (a sub-

stantial fraction of the a field-of-view limited only

by the presence of external structures, and a com-

pact size of about 2 cubic meters, this approach

can meet the observational requirements of a next-

generation nuclear line astrophysics mission.

5.2.2 VLSI/ASIC

A characteristic common to many of the current

and future technologies for gamma-ray detector

systems is the large number of channels with rela-

tively small signal outputs. Most such applications

will, therefore, rely on Application Specific

Integrated Circuits (ASICs) and Very Large Scale

Integration (VLSI) techniques in order to keep the

power consumption to a modest level for space-

flight. Although the specific circuits are tailored for

individual applications, general approaches to

designing and building such electronics can be

improved. Any technology developments that

allow faster or cheaper production of these elec-

tronics will directly benefit a broad range of

gamma-ray telescope designs.

5.3 COMPUTATIONAL CAPABILITIES

he information explosion that will comewith the next generation of satellite

gamma-ray experiments will put severe

demands on the current computing capabilities

both on-board and ground-based. Increased data

rates, even without better resolution, will demand

computational upgrades. Increased angular reso-

lution will force better image analysis, better time

resolution will drive deeper pulsar and quasi-

periodic searches and more sophisticated spectral

techniques will require more complicated analysis

routines. Fortunately, this is a field which can be

expected to rapidly improve with time so that it is

only necessary to ensure that state-of-the-art

computer facilities are available for gamma-ray

data analysis.
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he scientific goals of the gamma-ray astro-
nomy program cannot be achieved without

support beyond mission opportunities.

Supporting programs in theory, data analysis, and

other complementary disciplines are vital to achiev-

ing the breakthroughs possible in the next decade.

6.1 DATA ANALYSIS

he recent exciting discoveries in gamma-ray
astrophysics are the results of detailed data

analysis and correlative studies of past and

currently operating U.S. and foreign missions, as

well as theoretical studies. However, MO & DA

funding is presently inadequate to cover, for exam-

ple, the CGRO mission, and much excellent science

will simply not be done with this great observatory

in the coming years. The GRAPWG recomments

augmenting the MO & DA funding, and also

strongly supports both the Astrophysics Data

Program, and the Long-Term Space Astrophysics

Program, which are key elements in many correla-

tive, multi-wavelength, and single mission data

analysis efforts. To put these results into context,

theoretical investigations into the nature of exotic

high-energy sources is also essential.

6.2 THEORY

G amma-ray observations probe exotic
physics from remarkable, energetic

sources. However, the nonthermal nature

of the emission, the modest photon statistics and

the need to connect the high-energy radiations

with lower energy observations makes progress in

the field particularly dependent on adequate

theoretical support. In turn the puzzles posed by

high-energy observations have spurred a ferment of

theoretical activity, as exemplified by the continu-

ing stream of papers on gamma-ray burst models.

As discussed earlier, many CGRO observations

remain unexplained. Late in the CGRO era, support

for theoretical work on high-energy problems is

becoming very limited. The NASA theory program

plays an important role, but experiences extreme

pressure from other disciplines. Because new

understanding spurred by CGRO and other recent

missions offers hope of important advances in our

understanding of compact objects and other high-

energy sources, expanded support of theoretical

work in this area can provide important progress in

the post-CGRO era. It will also be important to

continue to refine theoretical predictions, looking

forward to the sensitive observational tests of

future missions.

6.3 GROUND BASED

any ground-based "third-generation"
atmospheric Cerenkov systems are now
under consideration which will have

sensitivity in the 10-100 GeV energy range. The

energy threshold varies inversely as the product of

the square root of the total mirror area, the light

collection efficiency and the quantum efficiency of

the detectors. Hence if a threshold of 200 GeV can

be achieved with a 10m aperture reflector, then a

threshold of 20 GeV is feasible with a reflector with

an effective aperture of 100m. In practice an array

of detectors offers better background rejection and

more economical construction than a single reflec-

tor. One such approach is VERITAS (Very Energetic
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Figure 6.1. A viewof the HEGRAgamma-ray telescope.Ground basedfacilitiescontinueto multiply
and improve.

Radiation Imaging Telescope Array System); this is a

logical development of the imaging atmospheric

Cerenkov concept and consists of an array of seven

telescopes of 10m aperture each closely based on

the proven design of the Whipple 10m optical

reflector. This array would easily reach a threshold

of 50 GeV with conventional photomultipliers; with

advanced technology detectors it could be as low

as 30 GeV. Its flux sensitivity for discrete sources

would be very competitive with planned high-ener-

gy gamma-ray space missions i.e., 2x10 -12 photons
cm -2 s-1 at 100 GeV. It would also have excellent

spectral resolution. VERITAS will be built in Southern

Arizona; similar arrays will be built in the southern

hemisphere: the German-French HESS in Namibia

and Japanese-Australian Super-CANGAROO in
Australia.

The VERITAS approach is

not unique among atmos-

pheric Cerenkov observato-

ries proposed as a next gen-

eration system although it is

probably the most conserva-

tive and predictable. Other

approaches include a large,

steerable, single dish (17 m

aperture) with a high resolu-

tion camera (MAGIC), and

the Solar Array approach

whereby existing arrays of

heliostats (built as solar

energy collectors) are uti-

lized as large area light col-
lectors with a central detec-

tor (CELESTE, STACEE and

Solar-Two). Mention should

also be made of large water

Cerenkov systems e.g.,
MILAGRO which are most

useful as burst monitors and for all-sky surveys.

Developments in space-and ground-based detector

technology have an obvious impact on one anoth-

er; ground-based detectors will rely on space mis-

sions for selection of suitable sources and for all-sky

monitoring of source activity. In return, ground-

based observation can supply improved spatial

localization, high-energy spectrum measurements

and high count statistics to probe short-time vari-

ability. It is clearly advantageous in the planning of

future missions/telescopes that the development of

the overlapping techniques proceed in parallel.

Ground-based observatories will continue to oper-

ate after the demise of EGRET and will thus provide

continuity in the field; they will be continually

upgraded to achieve maximum sensitivity before
the launch of an EGRET successor.
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CH. PTER

Education and Public Outreach

S ince its inception, one of NASA's mandates is
to disseminate the results of its programs to

the general public. Because of people's

inherent interest in astronomy and spaceflight,

NASA has been particularly successful in this out-

reach endeavor. Programs in gamma-ray astronomy

are making a significant contribution to NASA's

goals of education and to raising the level of public

understanding and appreciation of science and

technology. As our knowledge of the high-energy

sky increases, so does our ability to communicate

the promise and excitement of gamma-ray astrono-

my. The mystery of gamma-ray bursts, direct mea-

surement of ongoing galactic nucleosynthesis, and

observations of exotic objects such as black holes

are examples of fields to which gamma-ray astron-

omy contributes.

Public information flourishes as a result of the

many discoveries and new mysteries that have

accompanied the growth of gamma-ray astro-

physics in the last five years. This includes public

talks by leading scientists at museums and plane-

tariums around the country and front page articles

in newspapers and magazines. More concerted

efforts at public outreach activities in the CGRO era

alone include posters and brochures put together

by the CGRO Science Support Center and other

organizations as well as numerous World Wide Web

pages created by groups and individuals on special-

ized topics. A well-received exhibition at the

Smithsonian Air and Space Museum is another

example. Continuing this legacy of public outreach

should be an important component of the gamma-

ray astronomy programs in the future. Gamma-ray

astronomy has touched education in a number of

ways. Special grants to use the success of CGRO for

educational purposes under the IDEAS program,

from elementary to high schools, to college under-

graduate and graduate education have also been

highly successful. In addition, efforts such as the

HEASARC's Learning Center page are beginning to

present gamma-ray astronomy resources to

younger students using the Internet. We encourage

the use of add-on grants for educational purposes

as an effective way to help active researchers con-
tribute to science education.

Figure 7.1. Outreach efforts such as this CD version of a NASA web

site are increasingly teaching students and educators about the

science and opportunity of gamma-ray astronomy.
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he preceeding chapters have described the
scope and status of gamma-ray astronomy.

This field is, of course, part of a broader

enterprise -- that of Space Sciences as a whole.

While gamma-ray astronomy has its own history

and logic, it must also be assessed as part of this

wider effort. To that end, the goals and priorities

presented in the Executive Summary are repeated

here, with an eye to their relevance to the overall

goals of NASA's Space Sciences Program.

Our reference point is the 1997 Space Science

Strategic Plan (http://spacescience.nasa.gov/strate-

gy/1997/sseplan.htm). This represents a coherent

summary of the goals of NASA's science themes. In

particular, the list of Science Goals in this plan

lends itself to a direct comparison with our priori-

ties. The NASA Science Goals are:

1. Understand how structure in our Universe.(e.g.,

clusters of galaxies) emerged from the Big

Bang.

2. Test physical theories and reveal new phen-

omena throughout the Universe, especially

through the investigation of extreme

environments.

3. Understand how both dark and luminous mat-

ter determine the geometry and fate of the

Universe.

4. Understand the dynamical and chemical evolu-

tion of galaxies and stars and the exchange of

matter and energy among stars and the inter-
stellar medium.

5. Understand how stars and planetary systems

form together.

6. Understand the nature and history of our Solar

System, and what makes Earth similar to and

different from its planetary neighbors.

7. Understand mechanisms of long- and short-

term solar variability, and the specific processes

by which Earth and other planets respond.

8. Understand the origin and evolution of life on
Earth.

9. Understand the external forces, including

comet and asteroid impacts, that affect life and

the habitability of Earth.

10. Identify locales and resources for future human

habitation within the solar system.

11. Understand how life may originate and persist

beyond Earth.

As reflected in the Executive Summary, the

recommendations of the GRAPWG are divided into

three categories: science priorities, mission priori-

ties, and other recommendations. Below, we

further describe these priorities and indicate which

of NASA's Science Goals are addressed by each.

8.1 1997 GRAPWG MISSIONS

In the previous GRAPWG report, the top-priority

was given to the GLAST high energy gamma-ray
mission to follow on the discoveries of the EGRET

instrument on CGRO. Other high priority missions

were a focusing hard X-ray telescope and a next-

generation nuclear line and MeV continuum mis-

sion. For Explorer-class missions the top scientific

opportunities were found to be for gamma-ray

burst observations and hard X-ray surveys. Some of
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these missions have now been started by NASA:

GLAST is in the OSS strategic plan for new start in

2002; the Swift gamma-ray burst MIDEX has been

selected for Phase A study with final selection of

two missions to fly out of five studies to be made in

September 1999. Also, the OSS strategic plan

contains the top mission of the X-ray community,

Constellation X, which has a focusing hard X-ray

telescope (HXT) onboard that achieves some of the

objectives identified by the GRAPWG for a focusing

hard X-ray mission.

The GRAPWG finds that the scientific case for

GLAST, Constellation-X HXT and Swift has grown

since 1997. The GRAPWG continues to give its

STRONGEST ENDORSEMENT to these mission,

which are the backbone of NASA's future program

in hard X-ray and gamma-ray astronomy.

8.2 TOP PRIORITY SCIENCE TOPICS

The GRAPWG identifies the following PRIORI-

TIZED list to be the most compelling science topics

that future hard X-ray and gamma-ray missions

can address beyond those covered by GLAST,
Constellation-X HXT and Swift. These are areas in

which hard X-ray and gamma-ray astronomy offers

unique capabilities for advancing our understanding

of the universe. Each science topic is followed by a

list of areas in which key contributions are expected.

The HIGHEST PRIORITY science topic is:

1. NUCLEAR ASTROPHYSICS: SITES OF GAMMA RAY

LINE EMISSION

Gamma-ray astronomy holds the promise of rev-

olutionizing studies of nucleosynthesis in our galaxy

and beyond. Through the detection of nuclear lines,

sites of nucleosynthesis can be studied and elemen-

tal abundances can be measured. In addition, the

configuration and dynamics of the emitting gas can

be determined. Topics for future missions include:

• Abundance yields of explosive nucleosynthesis

• Mass cut between SN ejecta and core

• Supernova and nova explosion physics and

dynamics

• Sites of nucleosynthesis in the Galaxy and universe

• Cosmic nucleosynthesis rate from redshifted
SN la lines

• Supernova rate in the Galaxy
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• Better understanding of SN la cosmological
distance scale calibration

• Cosmic ray interactions with interstellar gas

• Positron diagnostics of compact objects

Other high priority topics are:

2. GAMMA RAY BURSTS

Appropriate to their nature, gamma-ray burst

studies continue to change quickly and dramati-

cally. The increasing number of counterparts at

lower energies when coupled with the impressive

BATSE database are leading to a new era in GRB

studies. Aside from the intrinsic astrophysics of

GRB's, bursts will become an important probe of

the early universe. NASA Science Goals (1), (2) and

(4) are related to GRB studies. Topics for future
missions include:

• Links to star formation

• Evolution and populations of massive stars

• Possible sites of black hole formation

• New GRB populations and mechanisms

• Probes of dusty matter in distant galaxies

• Probes of the intergalactic medium out to high
redshift

3. HARD X-RAY EMISSION FROM ACCRETING BLACK HOLES

AND NEUTRON STARS

Hard X-ray and gamma-ray studies of accreting

sources are becoming increasingly critical for full

understanding of these objects. Detections of

galactic and extragalactic black hole systems at

high energies provide a laboratory for studying

black holes across a wide range of masses. Topics
for future missions include:

• First population study of absorbed Seyfert 2's

• Constraints on blazar spectra and diffuse IR back-

ground

• Non-thermal components in galactic transients

• Jets associated with galactic BH's and AGN

• Black hole parameters (spin, mass)

• Accretion physics

4. MEDIUM ENERGY (500 KEV-30 MEV) EMISSIONS:

Distinct from nuclear lines, the continuum emis-

sion in the medium energy range has been shown



to be importantfor understandingnonthermal
emissionfromobjectssuchaspulsarsandAGNand
sitesofcosmicrayinteractionwithgas.Thisrela-
tivelyunexploredbandtiestogetherstudiesat MeV
andGeVenergies.NASAScienceGoals(2)and(4)
areaddressedbythisscience.Topicsfor futuremis-
sionsinclude:

* Search for MeV blazars and spectral studies to

understand emission

* Pulsar physics through broad-band spectral

studies

• Components of diffuse galactic emission

* Extragalactic diffuse emission in poorly measured
MeV band

• Nonthermal components from accretion-driven

sources

• Cosmic ray interactions with the ISM

8.3 TOP PRIORITY MISSION
RECOMMENDATIONS

Figure 1 shows the mission roadmap that the

GRAPWG has developed for hard X-ray and

gamma-ray astronomy. In addition to the three

missions mentioned above, the GRAPWG finds

three near-term missions and two long-term con-

cepts to be the most exciting for addressing our

top-priority science topics. These are as follows.

ADVANCEDCOMPTON TELESCOPE(ACT)

The HIGHEST PRIORITY major mission recom-

mended by the GRAPWG is ACT, a high-technology

MeV line and continuum Compton telescope mis-

sion operating in the 500 keV to 30 MeV range.

With a factor of 30 improvement in sensitivity com-

pared to CGRO and INTEGRAL, it promises detailed

studies of sites of nucleosynthesis in the universe

and a deep survey of continuum sources. The

optimum configuration of large imaging detector

arrays based on either semiconductor or high densi-

ty rare gases is being studied to enable a mission in

this challenging energy band. The mission addresses

science areas (1), (2) and (4) in the above list.

Two other high-priority missions are of particular

interest in the coming decade for accomplishing

our science goals.

HIGH-RESOLUTIONSPECTROSCOPICIMAGER (HSI)

A high priority intermediate or enhanced MIDEX

class mission recommended by the GRAPWG is HSI,

a focusing optics telescope operating in the 10 to

170 keV range. With a factor of 100 improvement

in sensitivity compared to RXTE, this mission will

answer key questions on the nature of accretion
onto neutron stars and black holes and will allow

detailed studies of sites of nucleosynthesis in the

universe. New multilayer mirror technology will

enable the upper energy bound of the mirrors to

be as high as 200 keV. The mission addresses sci-

ence areas (1) and (3).

ENERGETICX-RAY IMAGING SURVEYTELESCOPE(EXIST)

A high priority intermediate or enhanced MIDEX

class mission recommended by the GRAPWG is

EXIST. A factor of 100 improvement in sensitivity

compared to the only previous all-sky hard X-ray

survey (HEAD-1) will allow discovery of the pre-

dicted, but so-far unobserved, class of absorbed

Seyfert 2's that are thought to make up half of the

total inventory of AGN's. A large area array of new-

technology solid state detectors, used in conjunc-

tion with a wide field-of-view coded aperture, will

cover the 10-500 keV region and address science

areas (2) and (3). The International Space Station is

a possible platform for such an instrument.

Complementing these missions will be projects

which will extend and improve upon those already

in the strategic plan.

NEXT GENERATION GAMMA-RAY BURST MISSION

(NGGRB)

The GRAPWG believes that gamma-ray bursts

will continue to be one of the most important and

fascinating areas of astronomical research for tens

of years to come. A mission will be needed in the

post HETE-II and Swift era to further this field.

Emphasis in that time frame may involve obser-

vations of nonelectromagnetic radiation such as

gravitational waves and neutrinos and will certainly

involve multiwavelength electromagnetic instru-
mentation. To correlate these data with known

properties of bursts and to monitor the sky for

infrequent special events, it will be essential to have

a continuous gamma-ray burst monitor in space.

The GRAPWG recommends that such a mission,

NGGRB, be identified in NASA's program.
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NEXTGENERATIONHIGH-ENERGYGAMMA-RAYMISSION
(NGHEG)

The discoveries of GLAST will produce strong

interest in the astronomical community in high

energy gamma-ray phenomena and will undoubt-

edly raise new fundamental questions. The band

width of the high energy range is huge, from 30

MeV to 300 GeV, and overlaps with the growing

number of very high energy (TeV and PeV) ground-
based observatories. The GRAPWG recommends

that a mission called NGHEG be identified in

NASA's program to follow on GLAST. GLAST will

address NASA Science Goals (1), (2), (3), (4)

and (7).

8.4 GAMMA-RAY BURSTS

The GRAPWG is particularly intrigued by the

gamma-ray burst problem and the promise that

bursts offer for fundamental studies in astrophysics.

There are multifaceted implications that bursts have

on many future missions. Below are listed some

topics and recommendations on gamma-ray burst

astronomy. What follows benefits NASA Science

Goals (1) and (2):

• HETE-II should be flown on schedule.

• The Swift GRB MIDEX mission, now in Phase A,

should have high priority for flight.

• Support should continue for the Interplanetary

Network as an effective means for deriving
arcminute GRB locations.

• Support should continue for BATSE and the

Gamma-ray burst Coordinate Network (GCN).

• The GRB monitor currently planned for GLAST

will greatly enhance its GRB capabilities.

• Synergism between space-borne GeV GRB obser-

vations and ground-base TeV observations should

be recognized and exploited.

• A global network of small, dedicated GRB robotic

telescopes should be developed.

• Support for a network of co-ordinated 1-3 meter

telescopes to establish lightcurves over the first

few days.

• Time on major ground- and space-based obser-

vatories should continue to be provided for GRB

follow-up observations.

8.5 OTHER RECOMMENDATIONS

Gamma-ray astrophysics is a broad enterprise

covering many efforts. The GRAPWG recommends

that the following items receive special considera-
tion:

• Technology Development: Many exciting new

technologies are arising in gamma-ray astronomy,

including multilayer mirrors, Laue lenses (Bragg

concentrators), complex coded masks, solid-state

pixel and strip detectors, rare gas and liquid

detectors, and VLSI electronics. These form the

backbone and future of our field. The GRAPWG

strongly recommends a vigorous program of

technology development for hard X-ray and

gamma-ray astronomy.

• TeV Astronomy: Aside from their independent

successes, ground-based observatories will pro-

vide an important complement to future high

energy gamma-ray missions such as GLAST. The

GRAPWG endorses the continued development of

TeV telescopes with low energy thresholds.

• Balloon Program: The ultra-long duration balloon

(ULDB) program offers great potential for both

instrument development and significant science

in gamma-ray astronomy. The GRAPWG recom-

mends strong NASA support for LDB's and ULDB's.

• International Space Station: The GRAPWG

views the ISS as an opportunity for gamma-ray

research. It is particularly well suited for wide-field

instruments and long-term monitors.

• Optical Telescope Support: Many areas of

gamma-ray astronomy research, particularly

gamma-ray bursts and AGN studies, benefit from

a multiwavelength approach. In particular, optical

telescopes can provide important monitoring

capabilities which are difficult to achieve at other

wavelengths. The development of a network of

optical telescopes capable of near-continuous

observation of gamma-ray transients is supported

by the GRAPWG.

• Data Analysis and Theory: Making the most of

the rich databases expected from future missions

is an important concern of the GRAPWG.

Adequate support for data analysis and theory is

a cost effective way of maximizing the return

from current and future experiments.
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